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INTRODUCTION

Overexpression of the epidermal growth factor receptor (EGFR) occurs in a high
proportion of estrogen receptor-negative and hormone-resistant breast cancers
(1). We have previously shown (2) that human epidermal growth factor (hEGF)
conjugated to the Auger electron-emitting radionuclide, indium-111 (1111n) is
specifically bound by breast cancer cells overexpressing the EGFR, is
internalized by the cells and is translocated to the cell nucleus. The proximity of
the Auger electrons emitted from ..In deposits high doses of radiation in the cell
nucleus which damage chromosomal DNA, killing the cells. The low energy and
corresponding subcellular range of the Auger electrons restricts the cytotoxicity
of "•In-hEGF however to cells which specifically bind and internalize the
radiolabelled growth factor. As a result, there is minimal radiotoxicity to most
normal tissues, which exhibit only very low levels of EGFR expression. "In-
hEGF is a promising agent for targeted radiotherapy of hormone-resistant
advanced breast cancer but its rapid elimination by renal excretion results in
relatively low accumulation in breast cancer xenografts in athymic mice (3). The
objective of this project is to construct a recombinant fusion protein consisting of
hEGF and the CHO domain of IgG, (Mr 18-36 kDa) which will exhibit slower blood
clearance and improved tumour uptake for targeted radiotherapy of breast
cancer. The hEGF-CHI fusion protein will be radiolabelled with "'In and tested
for cytotoxicity against breast cancer cells in vitro and against breast cancer
xenografts hosted in athymic mice in vivo. In this first year report, we describe
research conducted to construct the recombinant hEGF-CH1 prokaryotic
expression vector and express, purify and test the fusion protein for binding
against MDA-MB-468 human breast cancer cells (4).

RESEARCH CONDUCTED

Task 1: Construction of a novel fusion protein of a single, constant domain of IgG
(CHI) and hEGF.

1. Construction of an hEGF-CH1 expression vector

A recombinant prokaryotic hEGF-CH1 expression vector was constructed (Fig. 1)
and successfully used to produce an hEGF-CH1 fusion protein in E. coli. The
hEGF gene was amplified from plasmid pADH59 (obtained from the American
Type Culture Collection, ATCC) by the polymerase chain reaction (PCR) using
oligonucleotide primers containing the restriction sites Pst I and BstEll. The
amplified hEGF gene was then ligated into plasmid pASK84 (obtained from
ATCC) containing the CH1 and CK domains of IgG, at the Pst I and BstEll
restriction sites. The hEGF and CHO DNA was sequenced to ensure that they
were in the correct reading frame. The recombinant hEGF-CH1 gene was then
amplified from pASK84 by PCR using oligonucleotide primers containing the
restriction sites EcoRland BamHl with/without an intervening DNA sequence
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encoding a flexible polypeptide linker [(GGGGS) 3] and ligated into plasmid
pGEX2T (Amersham-Pharmacia Biotech) to produce the final expression
plasmid pJW4. The expression plasmid, pJW4 expresses the hEGF-CH1 protein
fused to glutathione S-transferase (GST) under the control of the Lac Iq promotor
induced by isopropyl-b-D-thiogalactopyranoside (IPTG). The DNA sequence of
the final hEGF-CH1 construct was confirmed (FUi. 2).

BamHJ Pst I hEGF Pst I

pAD" gene hEGF

pADH59 ,hEGF-. pASK84 gene
5.11kb gene PCR Ligation 4.8kb

Sal I BstE II /BstE II

Nco, CH1
gene

PCR

BamHI BamHII

BamHI

pJW4 Ligation hEGF-
5.4 kb CH1

4.9 kb gene

D i EcoRl
EcoR1

Fi_.. Scheme for construction of the hEGF-CH1 expression vector.

63m.I. 63
gga tcc aac tct gat tcc gaa tgc ccg ctg tct cat gac ggt tac tgc ctg cat' gat ggc gta
G S N S D S E C P L S H D G Y C L H D G V

126tgc atg tac atc gaa gct ctg gac aaa tac gca tgc aac tgt gtt gta ggt tac atc ggc gaa
C M Y I E A L D K Y A C N C V V G Y I G E

cgt tgc cag tat cgc gac ctg aaa tgg tgg gaa ctg cgt ggt ggc ggt ggc tcg ggc ggt gg?
R C Q Y R D L K W W E L R G G G G S G G G

BstEII 252
ggg tcg ggt ggc ggc gga tct acq g cac gtc tcc tca gca aag acc act cct ccg tct gtt
G S G G G G S T V T V S S A K T T P P S V

3t5
tac cct ctg gct cct ggt tct gcg gct cag act aac tct atg gtg act ctg gga tgc ctg g c
Y P L A P G S A A Q T N S M V T L G C L V

378aag ggc tat ttc cct gag cca gtg aca gtg acc tgg aac tct gga tcc ctg tcc agc ggt gtg
K G Y F P E P V T V T W N S G S L S S G V

441cac acc ttc cca gct gtc ctg caa tct gac ctc tac act ctg agc agc tca gtg act gtc ccc
H T F P A V L Q S D L Y T L S S S V T V P

504tcc agc acc tgg ccc agc gag acc gtc acc tgc aac gtt gcc cac ccg gct tct agc acc aaa
S S T W P S E T V T C N V A H P A S S T K

gtt gac aag aaa atc gta ccg cgc gac tgc cat cac cac cat cac cat 567
V D K K I V P R D C H H H H H H E F

F•i. 2. Confirmed DNA and corresponding amino acid sequence for hEGF-CH1
insert in pJW4 showing hEGF (blue), peptide linker (red) and CH1 (green)
domains of the fusion protein.
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2. Optimization of expression conditions

The expression plasmid pJW4 was transfected into E. coli (BL-21). Different
conditions were evaluated to optimize the expression of the hEGF-CH1 fusion
protein: 1) incubation temperature (30 °C or 37 °C), 2) IPTG concentration (0-1
mM) and 3) induction time (0-4 hours). Total bacterial protein was isolated from
inclusion bodies in cell culture lysates using 8 M urea. The expression yield of
the hEGF-CHI fusion protein was measured by 1) assaying for total protein using
a BioRad colorimetric protein assay normalized for endogenous bacterial protein
synthesis and 2) by Western blot specific for the hEGF-CH1 fusion protein using
a polyclonal anti-hEGF antibody. The protein assay demonstrated that a higher
protein yield was obtained at 37 °C compared to 30 °C and that an induction time
of 3-4 hours was required (Table I). The Western blot also confirmed that a
higher yield of the fusion protein was obtained at 37 °C and with a 4 hour
induction time (Fig. ).

Table I. Effect of Induction Time and Temperature on Yield of the hEGF-CHI
Protein.

Fusion Protein Yield*

IPTG Induction Time 30 0C 37 0C
Concentration (hours)
(mM)
0.05 0 0.91 ± 0.04 0.86 ± 0.02

0.5 0.89 ± 0.02 0.99 ± 0.02

1 1.07 ± 0.04 1.08 ± 0.01

2 1.60 ± 0.01 1.83 ± 0.01

3 1.44 ± 0.04 1.29 ± 0.11

4 1.34 ± 0.03 1.91 ± 0.01

1 0 0.91 ± 0.06 0.87 ± 0.01

0.5 0.82 ± 0.01 0.99 ± 0.04

1 0.98 ± 0.03 1.08 ± 0.03

2 1.38 ± 0.09 1.90 ± 0.08

3 1.36 ± 0.02 2.21 ± 0.07

4 1.31 ± 0.01 2.16 ± 0.09
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*Ratio of protein concentration with IPTG induction divided by protein

concentration with no IPTG induction (endogeneous bacterial protein synthesis).
Mean t s.e.m. of duplicate measurements.

Control 0.05 MM 1 mMM
IPTG IPTG

A

Fig. 3. Western blot of

44 KDa 0 - bacterial cell lysate
using polyclonal anti-
EGF antibody at 0, 0.5
and 4 hours of

MW 0 0.5 4 0 0.5 4 0 0.5 4 induction with IPTG. A.
Incubation temperature

B 30 °C. B. Incubation
temperature 37 °C.
IPTG concentration was
0.05 mM. Lanes

• marked "control"
44 KDa -- represent no IPTG

• • induction. Band at Mr of
44 kDa represents
hEGF-CH1-GST fusion
protein.

MW0 0.5 4 0 0.5 4 0 0.5 4

3. Purification of hEGF-CHI protein under "native" conditions

The majority of the hEGF-CH1 fusion protein is present in inclusion bodies in E.
coli and therefore requires purification using denaturing conditions with 8 M urea
or 6 M guanidine, followed by refolding of the protein (see section 5). However, a
small amount (approx. 100 mg) of the hEGF-CH1 fusion protein was recovered
using non-danaturing, "native" conditions (Fig. 4_). The hEGF-CH1 protein was
purified by affinity chromatography on an anti-GST column. The hEGF-CH1
protein can also be purified by metal-chelating affinity chromatography on a Ni-
agarose column because the CH1 gene contains a polyhistidine tail. The purity of
the hEGF-CH1 protein was then determined by SDS-PAGE and Western blot and
its receptor-binding properties were evaluated by flow cytometry and ELISA (see
section 4). The SDS-PAGE analysis F(ig. 5_) indicated that we obtained a pure
protein with the expected Mr for hEGF-CH1 fused to GST (-44 kDa).
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The GST domain was subsequently removed by enzymatic cleavage using
thrombin. A Western blot of the final enzymatically cleaved hEGF-CH1 protein
demonstrated a protein with the expected molecular weight (Mr 18 kDa) (Fig. 6).

97 Fig. 5. SDS-PAGE analysis of hEGF-CH1 protein
fused to GST on a 4-20% Tris-HCI mini-gel stained

66 with Coomassie blue R-250. The pure hEGF-CH1-
45 -' GST protein is indicated by the single band in

lanes 3 and 4 with a Mr of 44 kDa. Lane 2
31[ represents expression without IPTG.
21 ,,

1 2 3 4

KDo MW, 1 2 3

62

47
GST-EGF-L-C H' .-..ig. 6. Western blot of final hEGF-

32 CHO fusion protein using an anti-EGF
GST polyclonal antibody showing a single

band with the expected molecular
25 weight (Mr 18 kDa).

16 EGF-L-CH1

4. Evaluation of receptor binding properties

The receptor-binding properties of the hEGF-CH1-GST fusion protein were
evaluated by 1) flow cytometry against MDA-MB-468 human breast cancer cells
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F I and 2) by ELISA against EGFR purified from MDA-MB-468 cells. Flow cytometry
demonstrated that the hEGF-CHI fusion protein retained its receptor-binding
properties when compared to hEGF (Fia. 4), but the binding was higher when the
flexible peptide linker was present, probably due to less steric hindrance in the
binding of the hEGF domain from the CHI domain.

-, -

, U,

,q to W n .1 lose..i~ .1 lsee

*Fluorescein-hEGF hEGF-L-CH1 hEGF-L-C.1
(Anti-EGF Ab) (Anti-GST Ab)

Fig. Z. Analysis of the receptor-binding properties of hEGF and hEGF-L-CHI-
GST fusion protein by flow cytometry against MDA-MB-468 human breast cancer
cells. The hEGF or hEGF-CH1-GST fusion protein was incubated with the cells
for 1 hour at 4 °C. The binding of hEGF to the cells was measured using
fluorescein-hEGF (left panel). Binding of hEGF-L-CHI to the cells was measured
using an anti-EGF (center panel) or anti-GST secondary antibody (right panel)
conjugated to fluorescein. A shift to higher fluorescence (right curve in each
panel) relative to the PBS control (left curve in each panel) was observed for
hEGF and the hEGF-CH1 fusion protein. "L" signifies flexible peptide linker.

By ELISA, the hEGF-CH1 fusion protein demonstrated higher binding than hEGF,
possibly due to greater avidity for soluble EGFR coated on the micro-ELISA plate
(F'ig. 5). The hEGF-CHI fusion protein may dimerize through the CH1 domains,
increasing its avidity for the EGFR.
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1.25-
E
o1.00-
LO

S0.75- 0 hEGF-CH1

S0.50- 0 hEGF

0.257

0.00 1--,. 1 , 1 ,.,.,
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Protein Concentration (jIM)

i. 8Binding of the hEGF-CH1 fusion protein and hEGF to EGFR coated on a
microELISA plate. The binding of hEGF-CH1 or hEGF was determined using a
rabbit polyclonal anti-EGF antibody, anti-rabbit-lgG-HRP and 3.3',5,5'-
tetramethy-lbenzidine (TMB) chromogenic substrate. The absorbance measured
in a plate reader at 450 nm.

5. Purification of the hEGF-CH1 fusion protein using denaturing conditions

As previously described in section 3, the majority of the hEGF-CHI fusion protein
is contained in inclusion bodies in E. coli. The fusion protein was isolated from
inclusion bodies under denaturing conditions and refolded following the method
of D'Alatri et al. (5). Briefly, the cells were lysed by ultrasonication, centrifuged
and the inclusion bodies were solubilized in a buffer containing 6 M guanidine-
HCI and 5 mM imidazole. The denatured hEGF-CH1 protein was then purified on
a Ni-agarose affinity column eluted with a 50 mM Tris-HCI/6 M guanidine-HCI
buffer. The purified, denatured fusion protein was treated with 160 mM
dithiothreitol (DTT) for 3 hours at 22 °C and refolded by 100-fold rapid dilution
into 50 mM Tris-HCI pH 8.5 containing 0.5 M arginine, 4 mM oxidized glutathione
and 2 mM DTT. After incubation for 60 hours at 100C, the refolded hEGF-CH1
protein was concentrated on a Centricon-30 ultrafiltration device. We recovered
a small amount of correctly folded hEGF-CH1 protein by this method, as
indicated by its reactivity with MDA-MB-468 cells by flow cytometry (results not
shown). However, the protein precipitated when attempts were made to
concentrate it. We believe that the precipitation problem is due to incorrect
folding of disulfide bonds which may result in exposure of hydrophobic residues.
Work is continuing to investigate alternative procedures for refolding the hEGF-
CHI protein. If the problem of refolding cannot be solved in a reasonable time
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frame, we will utilize instead properly folded hEGF-CH1 protein isolated under
native conditions despite the lower yield (see section 3).

6. Future work

In the next 3-6 months we expect to be able to purify sufficient quantities of the
hEGF-CH1 fusion protein for radiolabelling to high specific activity with !"In and
testing for internalization and nuclear translocation in MDA-MB-468 breast
cancer cells in vitro. Biodistribution studies with the radiolabelled hEGF-CH1
fusion protein in athymic mice bearing subcutaneous MDA-MB-468 human
breast cancer xenografts are currently in progress and we expect these will also
be completed within this time frame. In the next year, clonogenic and colorimetric
cell viability assays of MDA-MB-468 breast cancer cells treated with the '"In-
hEGF-CH1 fusion protein in vitro and evaluation of the "IIn-hEGF-CH1 fusion
protein for treatment of MDA-MB-468 xenografts in athymic mice will be
conducted. In the final year, the efficacy and toxicity of treatment of mice with
MDA-MB-468 xenografts with multiple doses of the "'In-hEGF-CH1 fusion protein
will be evaluated. Studies combining the .. In-hEGF-CH1 fusion protein and 1251..-
labelled estradiol will also be performed.

KEY RESEARCH ACCOMPLISHMENTS

"* Constructed recombinant hEGF-CH1 expression vector.

"* Optimized conditions for expression of hEGF-CH1 fusion protein in E. coli.

"* Purified hEGF-CH1 fusion protein to homogeneity.

"* Tested receptor-binding of hEGF-CH1 protein against human breast cancer
cells.

"* Biodistribution studies of radiolabelled hEGF-CH1 in athymic mice with MDA-
MB-468 breast cancer xenografts are currently in progress.

REPORTABLE OUTCOMES

Manuscripts and Abstracts

The following manuscripts and abstracts have originated from research funded
by our grant from the U.S. Army Breast Cancer Research Program and are
included in the Appendices.
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1. Reilly RM, Kiarash R, Cameron R, Porlier N, Sandhu, J., Vallis K., Hendler A,
Hill, R.P. and Gari6py J. Indium-Ill labelled epidermal growth factor is
selectively radiotoxic to human breast cancer cells overexpressing the epidermal
growth factor receptor. J. Nucl. Med. (in press) 1999.

2. Reilly R.M., Kiarash R., Sandhu J., Lee YW, Cameron R., Hendler A, Vallis K.,
and Gari6py J. A comparison of epidermal growth factor and monoclonal
antibody 528 labelled with indium-Ill for imaging human breast cancer. J. Nucl.
Med. (submitted) 1999.

3. Wang J., Sandhu, J., Chen Z., Leung C., Bray M., Yang M., Cameron R.,
Hendler A., Vallis K., Reilly R.M. Production of a human epidermal growth factor
(hEGF)-immunoglobulin (CA1) fusion protein for targeting human breast cancer.
J. Nucl. Med. 40: 312P, 1999.

Presentations

1. Reilly RM. The Trojan Horse: Targeted Auger Electron Radiotherapy of Breast
Cancer. Presented at Department of Radiation Oncology Rounds, University of
Toronto, February 25, 1999.

Patents Applied

Reilly R.M. Radiolabelled peptide ligand for Auger electron radiotherapy of
cancer. (U.S. Patent Office-patent pending 1996-Application No. 081/759,282).

Other Funding Applied For Based on Work Supported

The support of the U.S. Army Breast Cancer Program allowed us to discover that
peptide growth factors conjugated to Auger electron-emitting radionuclides are
potential novel radiotherapeutic agents for cancer. We have proposed the
following research proposal to the Natural Sciences and Engineering Research
Council of Canada to extend this strategy to the treatment of gliomas using a
VEGF fusion protein conjugated with .11.n.

Natural Sciences and Engineering Research Council of Canada. 1999-2001.
Vascular growth factor receptors as a target for Auger electron radiotherapy of
malignant astrocytomas. J. Sandhu, R.M. Reilly (co-investigator) and A. Guha. $
252,000 applied.

CONCLUSIONS

A recombinant hEGF-CH1 fusion protein was produced in E. coli for targeting
human breast cancer with the Auger electron-emitting radionuclide, "'in. The
hEGF-CH1 protein binds to MDA-MB-468 human breast cancer cells in vitro by
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flow cytometry and to EGFR by ELISA. Animal studies are in progress to
evaluate the ability of the fusion protein to target MDA-MB-468 human breast
cancer xenografts in vivo. This novel hEGF-CHI fusion protein is a potential
targeting vehicle for delivering radionuclides to EGFR-positive cancer cells for
diagnostic imaging and/or radiotherapy of the disease.
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Running Footline: Radiotoxicity of In-111 EGF Against Breast Cancer

ABSTRACT
Our objective was to determine if the internalization and nuclear translocation of
human epidermal growth factor (hEGF) following binding to its cell surface
receptor (EGFR) could be exploited to deliver the Auger electron emitter, 1111n
into EGFR-positive breast cancer cells for targeted radiotherapy. Methods:
hEGF was derivatized with diethylenetriaminepentaacetic acid (DTPA) and
radiolabelled with "'In acetate. The internalization of 11ln-DTPA-hEGF by MDA-
MB-468 breast cancer cells (1.3 X 106 EGFR/ceIl) was determined by
displacement of surface-bound radioactivity by an acid-wash. The radioactivity in
the cell nucleus and chromatin, isolated by differential centrifugation was
measured. The effect on the growth rate of MDA-MB-468 or MCF-7 (1.5 X 104
EGFR/cell) cells was determined following treatment in vitro with 11 In-DTPA-
hEGF, unlabelled DTPA-hEGF or 1 IIn-DTPA. The surviving fraction of MDA-MB-
468 or MCF-7 cells treated in vitro with 'IIn-DTPA-hEGF was determined in a
clonogenic assay. The radiotoxicity in vivo against normal hepatocytes or renal
tubular cells was evaluated by measuring alanine aminotransferase (ALT) or
creatinine levels in mice administered high amounts of 'IIn-DTPA-hEGF
(equivalent to human doses up to 14,208 MBq) and by light and electron
microscopy of the tissues. Results: Approximately 70% of `In-DTPA-hEGF was
internalized by MDA-MB-468 cells within 15 minutes at 37 °C and up to 15% was
translocated to the nucleus within 24 hours. Chromatin contained 10% of
internalized radioactivity. The growth rate of MDA-MB-468 cells was decreased
3-fold by treatment with '11 In-DTPA-hEGF (45-60 mBq/cell). Treatment with
unlabelled DTPA-hEGF caused a 1.5-fold decrease in growth rate while
treatment with 11In-DTPA had no effect. Targeting of MDA-MB-468 cells with up
to 130 mBq/cell of 1 IIn-DTPA-hEGF resulted in a 2-log decrease in their
surviving fraction. There was no decrease in the growth rate or surviving fraction
of MCF-7 cells. There was no evidence of hepatotoxicity or renal toxicity in mice
administered high amounts of 1In-DTPA-hEGF. Radiation dosimetry estimates
suggest that the radiation dose to a MDA-MB-468 cell targeted with ... 1n-DTPA-
hEGF could be as high as 25 Gy with up to 19 Gy delivered to the cell nucleus.
Conclusion: 11.In-DTPA-hEGF is a promising novel radiopharmaceutical for
targeted Auger electron radiotherapy of advanced, hormone-resistant breast
cancer.

Key words: breast cancer; epidermal growth factor; indium-1 11, Auger electrons;
epidermal growth factor receptor
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INTRODUCTION
Over the past decade, numerous studies have investigated the potential

for targeted radiotherapy of human malignancies using monoclonal antibodies
(mAbs) directed against tumour-associated antigens conjugated with b-particle
emitting radionuclides (radioimmunotherapy) (reviewed in (1)). Although
promising results have been achieved in B-cell lymphomas, radioimmunotherapy
has generally been ineffective for the treatment of solid tumours due to dose-
limiting bone marrow toxicity. Non-specific myelotoxicity was due to high levels of
circulating radioactive antibodies perfusing the bone marrow combined with the
long path length (2-10 mm) of the b-particles. Auger electron emitting
radionuclides, such as 1251 and "'In represent an appealing alternative to b-
particle emitters for targeted radiotherapy of cancer (2). Most Auger electrons
have an energy of <30 keV and a very short, subcellular path length in tissues
(2-12 mm). Thus, Auger electron emitters can only exert their radiotoxic effects
on cells when internalized into the cytoplasm and particularly when they are
imported into the cell nucleus (3). The high doses of radiation delivered to the
cell nucleus from internalized Auger electron-emitting radionuclides are able to
cause DNA fragmentation and cell death (4). Decay of an Auger electron
emitting radionuclide outside the cell or at the cell surface delivers an insufficient
dose of radiation to cause radiotoxicity (5). The selective toxicity of Auger
electron emitters towards cells which can bind and internalize the radionuclide
could, in theory, minimize or even eliminate the non-specific radiotoxicity against
bone marrow stem cells which was previously observed with the use of b-
emitters in radioimmunotherapy.

Iodine-125 iododeoxyuridine (12 1-UdR), one of the most widely studied
Auger electron-emitting radiopharmaceuticals is a radiolabelled thymidine analog
which is transported into cells and incorporated directly into DNA during S-phase
(6). 12 1-UdR is highly radiotoxic to mammalian cells (7) but has limitations as a
radiotherapeutic agent due to its relative lack of specificity for tumour cells,
targeting of cells only in S-phase and its extensive deiodination in the liver.
Nevertheless, 1251-UdR is currently being investigated for the treatment of bladder
cancer (8), gliomas (9) and hepatic metastases (10) where normal tissue uptake
can be minimized by local administration.

The Auger electron emitter, "'In, is also radiotoxic to cells when
internalized (11). For example, "'In-oxine, a lipophilic chelate which diffuses
non-specifically into cells used for radiolabelling leukocytes for imaging of
infection, can cause DNA damage to lymphocytes (eg. gaps, breaks and
exchanges in chromosomes) and is potentially radiotoxic and mutagenic to the
cells (12). 11 ln-oxine is also radiotoxic to hematopoietic stem cells (11),
fibroblasts (5) and cervical carcinoma cells (13). "'ln-oxine is not suitable as a
radiotherapeutic agent because it internalizes non-specifically into both normal
and malignant cells, but these observations suggest that ...In could be a very
effective Auger electron emitter for radiotherapy of cancer, if the radionuclide
could be specifically targeted and internalized into malignant cells.
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One possible strategy for selectively delivering 1111n into cancer cells
would be to exploit the normal internalization pathway for peptide growth factors
following their binding to cell surface receptors. This pathway involves
internalization of growth factors and their receptors into cytoplasmic vesicles for
proteolytic degradation and in some cases, may also include nuclear
translocation (14). Receptors for peptide growth factors are expressed at much
higher levels in certain types of malignancies (15) than on normal cells and are
therefore potential targets for radiopharmaceuticals. For instance, octreotide is
an octapeptide analog of somatostatin which has been radiolabelled with 1 '11n
(111ln-pentetreotide) and used successfully to image tumours which overexpress
somatostatin receptors (16). The internalization of 'ln-pentetreotide and its
translocation to the cell nucleus after binding to the somatostatin receptor (17),
also makes the radiopharmaceutical a promising candidate for targeted Auger
electron radiotherapy of somatostatin receptor-positive tumours (18).

Overexpression of the epidermal growth factor receptor (EGFR) at levels
up to 100 times higher than that observed on normal epithelial cells has been
observed in 30-60% of human breast cancer biopsies (reviewed in (19)). EGFR
overexpression is an attractive target for the design of novel therapies for breast
cancer because it is present in almost all estrogen receptor-negative and
hormone-resistant, advanced forms of the disease and is also associated with a
poor prognosis (19). Such patients are candidates for systemic chemotherapy
but response rates to current regimens are inadequate and long term survival is
poor (20). There is an urgent need to develop alternate treatment strategies. Our
objective was to investigate the internalization, nuclear translocation and
radiotoxicity of human epidermal growth factor (hEGF) radiolabelled with the
Auger electron emitter "'Iln, against EGFR-positive human breast cancer cells,
as well as the radiotoxicity of the radiopharmaceutical against normal tissues
known to express moderate to high levels of the receptor. Our findings suggest
that the application of targeted Auger electron radiotherapy using 11 In-hEGF for
the treatment of hormone-resistant forms of breast cancer which overexpress the
EGFR may be a promising therapeutic strategy.

MATERIALS AND METHODS

Breast cancer cells
The human breast cancer cell line MDA-MB-468 was purchased from the

American Type Culture Collection (Rockville, MD) and the MCF-7 human breast
cancer cell line was obtained from Dr. A. Marks at the Banting and Best
Department of Medical Research, University of Toronto. MDA-MB-468 cells were
cultured in L-15 medium (Sigma, St. Louis, MO) supplemented with 10% fetal
calf serum (FCS) and MCF-7 cells were maintained in Minimal Essential Medium
(Sigma, St. Louis, MO) supplemented with 10% FCS, non-essential amino acids
and glutamine (Gibco, Life Technologies, Burlington, ON).
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Radiolabelling of hEGF and measurement of receptor binding in vitro
hEGF (Upstate Biotechnology, Lake Placid, NY) was derivatized with

DTPA and radiolabelled with .111n to a specific activity of 3.7-11.1 MBq/mg
(22,200-66,600 MBq/mmol) as previously described (21). The radiochemical
purity of IIn-DTPA-hEGF as assessed by silica gel instant thin layer
chromatography in 100 mM sodium citrate pH 5 was 95-98%. "1 ln-DTPA-hEGF
bound specifically to its receptor on MDA-MB-468 or MCF-7 human breast
cancer cells with an affinity constant (Ka) of 7.5 X 108 L/mol or 3.9 X 10' L/mol
respectively. The number of receptors/cell (Bmax) for IIn-DTPA-hEGF on MDA-
MB-468 cells was calculated to be 1.3 ± 0.7 X 106 while 1.5 ± 0.7 X 104

receptors/cell were present on MCF-7 cells.

Fluorescence microscopy of breast cancer cells
hEGF was derivatized with fluorescein isothiocyanate as previously

described by Haigler et al. (14) and purified from excess fluorescein by size-
exclusion chromatography on a P-2 (BioRad, Mississauga, ON) mini-column
eluted with 150 mM sodium chloride. The intracellular localization of hEGF in
MDA-MB-468 human breast cancer cells was evaluated by fluorescence
microscopy using fluorescein-hEGF and the fluorescent nuclear stain, 4'6'-
diamidino-2-phenylindole dihydrochloride (DAPI, Boehringer-Mannheim, Laval,
PQ, Canada). Briefly, 3 X 104 MDA-MB-468 cells were seeded onto chamber
slides (Nunc, Life Technologies, Burlington, ON, Canada) and cultured for 48
hours. The adherent cells were washed 3 times with 150 mM sodium chloride
and the slides were incubated in 100 nM fluorescein-hEGF for 1 hour at 37 °C.
The fluorescein-hEGF solution was then removed and the slides were washed 3
times with 150 mM sodium chloride. The slides were then incubated with 100
mM DAPI for 10 minutes at 37 °C and again washed 3 times with 150 mM
sodium chloride. The slides were fixed in 0.8% glutaraldehyde (Sigma, St. Louis,
MO) and examined with a fluorescence microscope to view the localization of the
DAPI (lexcit 340-380 nm) and fluorescein (lexcit 470-490 nm) probes.

Intracellular localization of ... n-DTPA-hEGF in breast cancer cells
The intracellular localization of 1'In-DTPA-hEGF was determined by

incubating the radiopharmaceutical (5 ng) with 3 X 106 MDA-MB-468 cells in 1
mL of 0.1% w/v human serum albumin in 150 mM sodium chloride in 35 mm
culture dishes. Using this amount of "In-DTPA-hEGF, approximately 12% of
EGF receptors were bound by the radiopharmaceutical. The dishes were
incubated for 0.25, 0.5, 1, 2, 3, 4 or 24 hours at 37 °C. The proportion of "'in
radioactivity bound to cells at the selected times was determined by transferring
cell suspensions to tubes and separating the cell pellet from the supernatant by
centrifugation (8,600 x g for 5 minutes). Each fraction was then counted in a g-
scintillation counter (Auto Gamma model 5650, Packard Instruments, Downer's
Grove, IL). The proportion of "'in radioactivity internalized by cells was
determined as previously described for "25I-EGF by Olsson and co-workers (22)
by re-suspending and incubating the cell pellet in 1 mL of 200 mM sodium
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acetate/500 mM sodium chloride pH 2.5 at 4 'C for 5 minutes. The tubes were
then centrifuged again to separate the internalized ...In radioactivity (cell pellet)
from the non-internalized .."In radioactivity (supernatant).

Nuclear binding of .. In-DTPA-hEGF in MDA-MB-468 human breast
cancer cells was determined as previously described for 1251-EGF (23). The MDA-
MB-468 cells were first incubated with ".In-DTPA-hEGF, then the treated cells
were transferred to tubes and centrifuged at 600 x g for 10 minutes to recover
the cell pellet. The pellet was then resuspended in a buffer containing 350 mM
sucrose/10 mM KCI/1.5 mM MgCI2/10 mM Tris hydrochloride pH 7.6 with 0.2%
Triton X-100 (BioRad, Mississauga, ON, Canada) and 12 mM 2-mercaptoethanol
and the cells were disrupted by sonication for 5 minutes in an ultrasonic bath.
Cell nuclei were isolated by centrifugation of the cell suspension at 900 x g for 10
minutes. Chromatin was isolated from the nuclei by first washing the nuclear
pellet with a buffer containing 200 mM sucrose/3 mM calcium chloride/50 mM
Tris hydrochloride pH 7.6, followed by a wash step in 140 mM sodium
chloride/10 mM Tris hydrochloride pH 8.3 and finally by pelleting the suspension
at 900 X g for 10 minutes. The supernatant containing the nucleoplasmic proteins
was discarded. The nuclei were then swollen in a small amount of 1 mM Tris
hydrochloride pH 7.9 and centrifuged at 1,700 x g for 10 minutes to separate the
chromatin fraction from the supernatant which contained the nucleoplasm and
nuclear membranes.

Growth inhibition of human breast cancer cells in vitro by .. In-DTPA-hEGF
The effect of treating MDA-MB-468 or MCF-7 cells in vitro with "IIn-DTPA-hEGF
on their growth was determined by incubating 2 X 107 breast cancer cells in 1 mL
of 150 mM sodium chloride in a sterile 35 mm culture dish in the presence of an
excess of "`In-DTPA-hEGF (5 mg, 11.1 MBq) at 37 °C for 30 minutes. The
amount of `In-DTPA-hEGF added represented a 25-fold excess for MDA-MB-
468 cells and a 2,500-fold excess for MCF-7 cells. The cells were then
transferred to a sterile polystyrene culture tube and centrifuged at 600 x g for 5
minutes. The amount of "'in radioactivity associated with the cell pellet was
measured in a radioisotope calibrator (Model CRC-12, Capintec, Montvale, NJ)
and divided by the number of treated cells to calculate the average amount of
"'In radioactivity targeted to each cell (milli-Becquerel/cell [mBq/cell]). The cells
were then resuspended in growth medium and 5 X 10' cells were seeded into six
replicate 60 mm culture dishes. The cells were cultured for a period of 7 days.
Control dishes contained untreated cells, cells treated with unlabelled DTPA-
hEGF (5 mg) or cells incubated with growth medium containing a concentration
of "'In-DTPA (11 kBq/mL, Draxlmage, Dorval, PQ, Canada) equivalent to the
amount of "In-DTPA-hEGF bound to the treated cells. At day I and day 7, cells
were recovered from dishes using trypsin/EDTA and counted in a
hemocytometer. The growth index was defined as the number of cells recovered
at day 7 divided by the number of cells recovered at day 1. The average number
of cells recovered at the two time points and the average growth index was
determined and compared for treated and untreated cells. Both the treated and
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control dishes contained cells which were sub-confluent throughout the 7-day

experiment.

Radiotoxicity of ... 1n-DTPA-hEGF against human breast cancer cells in vitro

The radiotoxicity of .11.n-DTPA-hEGF against MDA-MB-468 or MCF-7
human breast cancer cells was determined in a clonogenic assay. Increasing
amounts of 11.In-DTPA-hEGF (37 kBq-2.6 MBq, 0.01-70 mg) were dispensed into
sterile 35 mm culture dishes containing 5 X 106 MDA-MB-468 or MCF-7 cells in 1
mL of 150 mM sodium chloride. The maximum amounts of "'In-DTPA-hEGF
added represented a 1,400-fold molar excess for MDA-MB-468 cells and a
140,000-fold molar excess for MCF-7 cells. The dishes were incubated for 30
minutes at 37 0C then the cells were recovered and assayed for the average
amount of "'in radioactivity targeted to each cell (mBq/cell). Sufficient cells (3 X
104 to 106) were then seeded in triplicate into 60 mm sterile culture dishes
(Nunclon, Life Technologies, Burlington, ON) to obtain a measureable number of
colonies after culturing for a period of 10 days at 37 °C. Control dishes contained
cells incubated with growth medium alone. At the end of the culture period, the
colonies were stained with methylene blue (1% in a 1:1 mixture of ethanol and
water) and the number of colonies (>50 cells/colony) in each dish was counted.
The plating efficiency was calculated by dividing the number of colonies
observed in each dish by the number of cells seeded. The surviving fraction was
calculated by dividing the plating efficiency for the dishes containing treated cells
by the plating efficiency for the control dishes.

The survival curves for the treated MDA-MB-468 or MCF-7 breast cancer
cells were obtained by plotting the log of the mean surviving fraction for the
triplicate dishes versus the amount of "'In radioactivity targeted to the entire cell,
internalized into the cytoplasm or associated with the chromatin fraction
(mBq/cell). A straight line was then fitted through each of the survival curves by
log-linear regression analysis. The D. values were estimated from the terminal
slope of the regression lines.

Evaluation of the hepatotoxicity and renal toxicity of '"In-DTPA-hEGF
To evaluate the potential for acute hepatotoxicity and renal toxicity from

"IIn-DTPA-hEGF, groups of normal Balb/c mice were injected in the tail vein with
3.7, 9.25, 18.5 or 44 MBq of I'In-DTPA-hEGF in 100 mL of 150 mM sodium
chloride. Control mice received a tail vein injection of 150 mM sodium chloride.
Prior to injection of "1 In-DTPA-hEGF and at 24, 48 and 72 hours post-injection,
blood samples were obtained by nicking the tail of each mouse with a sterile
scalpel blade and collecting 50 mL samples into heparinized capillary tubes
(Microcaps, Fisher Scientific Co., Nepean, ON). The blood samples were
transferred to microcentrifuge tubes and centrifuged at 10,600 x g for 5 minutes
to separate the plasma. The plasma samples were stored at -10 0C for
subsequent measurement of alanine aminotransferase (ALT) concentrations by
standard clinical biochemistry techniques. At 72 hours post-injection, the mice
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were sacrificed by cervical dislocation and samples of the liver and kidneys were
removed, sectioned and examined by light and electron microscopy for
morphological evidence of hepatic or renal toxicity.

The potential for hepatotoxicity and renal toxicity of "11n-DTPA-hEGF over
a longer time period was investigated by administering two separate amounts of
the radiopharmaceutical to athymic mice (37 and 74 MBq) by tail vein injection
separated by an interval of 4 weeks. Blood samples were collected prior to the
first administration of the radiopharmaceutical, then every 3-4 days and the
plasma was separated and analysed for ALT and creatinine concentrations as
previously described. The mice were sacrificed 7 weeks after the first
administration of the radiopharmaceutical and the liver and kidneys were
removed, sectioned and examined by light and electron microscopy for
morphological evidence of hepatic or renal toxicity. Animal studies were
conducted under an approved Animal Care Protocol (# 94-036) at the Toronto
Hospital and following the Canadian Council on Animal Care (CCAC) guidelines.

RESULTS

Fluorescence microscopy of breast cancer cells
Fluorescence microscopy of MDA-MB-468 human breast cancer cells

incubated with fluorescein-hEGF showed binding to the cell surface,
internalization into cytoplasmic vesicles and localization to the cell nucleus. After
1 hour of incubation with fluorescein-hEGF at 37 °C, a relatively low level of
fluorescence was observed diffusely throughout the cytoplasm of the cells with
an intense fluorescence signal associated with the cell nucleus (Fig. 1). The cell
nucleus was visualized for comparison using the fluorescent nuclear stain, DAPI
(Fig. 1).

Intracellular localization of ...ln-DTPA-hEGF in breast cancer cells
"IIn-DTPA-hEGF was rapidly bound and internalized by MDA-MB-468 cells

in vitro at 37 °C (Table 1). The internalized fraction increased from approximately
70% at 15 minutes of incubation to about 80% at 4 hours. After 30 minutes of
incubation of 'ln-DTPA-hEGF with cells, a small proportion of ...ln radioactivity
(approximately 7%) was localized in the cell nucleus and 2.5% was associated
with the chromatin fraction (Table 2). The fraction of radioactivity in the cell
nucleus increased to >15% at 24 hours, with almost 10% associated with the
chromatin.

Growth inhibition of human breast cancer cells in vitro by .. In-DTPA-hEGF
Treatment of 2 X 107 MDA-MB-468 or MCF-7 human breast cancer cells

in vitro with a 25-fold or 2,500-fold molar excess of 'ln-DTPA-hEGF (5 mg, 11.1
MBq) resulted in targeting of an average of 45-60 mBq of "I1n-DTPA-hEGF to
each cell. The majority of the 'IIn-DTPA-hEGF targeted to MCF-7 cells was non-
specifically bound however, since only a maximum of 3.7 mBq of "1 In-DTPA-
hEGF could, in theory, be specifically targeted to these cells at the receptor
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saturation conditions employed (specific activity of the radiopharmaceutical,
22,200 MBq/mmol and the level of expression of the EGFR on these cells, 1.5 X
104 EGFR/cell). It was assumed that non-specifically bound "'ln-DTPA-hEGF
does not undergo receptor-mediated internalization and would not be expected
to be radiotoxic.

There was a significant decrease in the growth index of MDA-MB-468
cells treated with "'In-DTPA-hEGF compared to untreated cells (1.3 ± 0.2 versus
3.7 ± 0.6 respectively, p<0.0001, Table 3). MDA-MB-468 cells treated with
unlabelled DTPA-hEGF also exhibited a significantly lower growth index
compared to untreated cells but the magnitude of the decrease was smaller (2.5
± 0.6 versus 3.7 ± 0.6 respectively, p<0.01). MDA-MB-468 cells are reported to
be growth-inhibited by concentrations of EGF >10.' M (24). The concentration of
unlabelled DTPA-hEGF in the incubation medium for the growth inhibition assay
was 8 X 10-7 M (ie. 5 mg in 1 mL). The growth index of MDA-MB-468 cells
treated with "'ln-DTPA, a radiopharmaceutical which does not bind to cells and
is not internalized non-specifically, was not significantly different from the growth
index of untreated cells (3.1 ± 0.1 versus 3.7 ± 0.6 respectively, p = 0.169).
There was also no significant change in the growth index of MCF-7 cells, which
have a 100-fold lower level of receptors on their surface than MDA-MB-468 cells
(1.5 X 10' versus 1.3 X 106 EGFR/cell respectively) treated with "`In-DTPA-
hEGF compared to untreated cells (1.7 ± 0.7 versus 2.5 ± 0.5 respectively, p =

0.193).

Radiotoxicity of `I"n-DTPA-hEGF against human breast cancer cells in vitro

The surviving fraction of MDA-MB-468 human breast cancer cells treated
in vitro with `'In-DTPA-hEGF was reduced to <3% when the cells bound 130
mBq/cell of "1 In-DTPA-hEGF (Fig. 2). The D. value was approximately 40
mBq/cell for radioactivity targeted to the entire cell but only 4 mBq/cell when the
survival curve was adjusted for radioactivity associated with the chromatin. The
Do value obtained from the survival curve adjusted for radioactivity localized in
the cytoplasm was 28 mBq/cell. The amount of "'In radioactivity internalized into
the cytoplasm or associated with the chromatin was estimated as 70% and 10%
respectively of the total "'In radioactivity bound to the cells (Tables 1 and 2).
There was no significant decrease in the surviving fraction of MCF-7 cells when
up to 133 mBq/cell of "`In-DTPA-hEGF was targeted to the cells (Fig. 2). A slight
growth stimulatory effect was observed at low amounts of .'.In-DTPA-hEGF
bound to MCF-7 cells (<20 mBq/cell).

Evaluation of the hepatotoxicity and renal toxicity of ...In-DTPA-hEGF
Graphs shown in Fig. 3 depict the concentration of alanine

aminotransferase (ALT) present in the plasma of Balb/c mice as a function of
doses of 1111n-DTPA-hEGF (3.7-44 MBq) and times post injection. Only at the
highest dose of radioactivity administered (44 MBq) was there a slight rise in ALT
concentration as compared to pre-administration values. No significant changes
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were observed in ALT or plasma creatinine concentration in comparison to pre-
treatment values over a 7-week period in athymic mice administered two high
amounts of 1111n-DTPA-hEGF (37 and 74 MBq) separated by a 4-week time
interval. The plasma ALT concentration in these studies ranged in value from 18-
46 U/L for treated mice and from 16-40 U/L for control mice (normal values are
<40 U/L in humans). The plasma creatinine concentration ranged from 60-78
mmol/L for treated mice and 60-66 mmol/L for control mice (normal values are
<105 mmol/L in humans). Morphological evidence of hepatotoxicity would be
manifested by subtle mitochondrial changes or proliferation of the smooth
endoplasmic reticulum or lysosomes. Renal toxicity would be defined by the
occurrence of renal tubular degeneration. Such morphological changes were not
observed on the electron micrographs of the liver or kidneys at either early (3
days) or late (7 weeks) time points (Fig. 4).

DISCUSSION
This study demonstrates for the first time that hEGF radiolabelled with the

Auger electron emitting radionuclide, "'in, is selectively radiotoxic to human
breast cancer cells which overexpress the EGFR. "'In-DTPA-hEGF was rapidly
bound by breast cancer cells, internalized into the cytoplasm and transported to
the cell nucleus. We hypothesize that the internalization and nuclear
translocation of "'In-DTPA-hEGF would deliver the radionuclide in proximity to
chromosomal DNA where emitted Auger electrons would be lethal to cells. The
radiotoxicity of "IIn-DTPA-hEGF in vitro resulted in a significant decrease in the
growth rate of MDA-MB-468 human breast cancer cells (1.3 X 106 EGFR/cell) at
relatively low amounts of radioactivity targeted to these cells (45-60 mBq/cell).
Similarly, a two-log decrease in the survival of these cells was observed in a
clonogenic assay at higher amounts of radioactivity (111-130 mBq/cell). No
radiotoxicity was observed against MCF-7 human breast cancer cells which
expressed a 100-fold lower level of EGFR (1.5 X 104 receptors/cell) suggesting
that the radiopharmaceutical was selectively radiotoxic to cancer cells which
overexpress EGFR. In addition, over a 7-week period, there was no evidence of
radiotoxicity to liver or kidneys in mice administered high amounts of "'In-DTPA-
hEGF. Liver and kidneys are tissues which exhibit moderate to high levels of
EGFR expression (-10' receptors/cell) (25,26). These results are thus promising
for the application of targeted Auger electron radiotherapy using "'In-DTPA-
hEGF for the treatment of EGFR-overexpressing breast cancer in humans.

Fluorescence microscopy revealed that fluorescein-hEGF binds rapidly to
MDA-MB-468 cells, is internalized to the cytoplasm and is subsequently
translocated to form a ring of fluorescence surrounding the cell nucleus. The
internalization of EGF/EGFR complexes after binding of EGF to its receptor is
well documented (27) and nuclear localization of EGF has been observed by
fluorescence microscopy and other techniques in A431 epidermoid carcinoma
cells (14), SW948 human colon cancer cells (23), fibroblasts (28) and
hepatocytes (29). The proportion of internalized EGF molecules imported to the
cell nucleus ranged from 1-10% (30) but this value increases to 14-40% under
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growth stimulatory conditions (28,29) or in the presence of lysosomal protease
inhibitors (31). It is not known if EGF remains bound to its receptor during the
nuclear translocation process but the EGFR contains a putative nuclear
localization sequence (RRRHIVRKRTLRR) at residues 645-657 which could
mediate its nuclear import (32). Specific EGFR binding sites on chromatin have
also been detected (30). The nuclear translocation event of EGF is not currently
understood, since EGF is thought to affect gene expression indirectly by
activation of the ras or phosphatidylinositol intracellular. signaling pathways.

"11n-DTPA-hEGF was rapidly bound, internalized and transported to the
cell nucleus in MDA-MB-468 breast cancer cells. Interestingly, almost two thirds
of the radioactivity in the cell nucleus was directly associated with the chromatin,
suggesting that internalized 111n-DTPA-hEGF (perhaps in association with
EGFR) may interact directly with nuclear DNA. Similar results have been
previously reported for 125 1-EGF by Rakowicz-Szulcynska and co-workers (23) in
SW948 human colorectal carcinoma cells which express the EGFR. After
incubation of the SW948 cells with "2'I-EGF for 24 hours at 37 °C, >94% of the
internalized radioactivity was localized in the cytoplasm and 6% was present in
the cell nucleus. The majority of the 1251 radioactivity localized in the cell nucleus
was directly associated with the chromatin fraction.

Since chromosomal DNA represents a sensitive target in the cell for the
radiotoxic effects of Auger electrons emitted by "1In, the cellular distribution of
"`In-DTPA-hEGF, will control the radiation dose delivered to the nucleus and
consequently the radiotoxicity of the radiopharmaceutical. Recently published
cellular dosimetry models (33,34) of Auger electron emitting radionuclides
deposited in mammalian cells have estimated that the energy deposited in the
cell nucleus is 2-fold greater when "'In is localized in the cytoplasm compared to
a situation where the radionuclide is localized on the cell membrane. The
deposition rate however increases by 20 to 35-fold when the radionuclide is
localized in the nucleus itself. The radiation doses to an entire cell and to the cell
nucleus were calculated (34) based on the following distribution pattern of ".in-
DTPA-hEGF in MDA-MB-468 breast cancer cells: 20% bound to the cell
membrane, 80% internalized into the cytoplasm and 15% localized in the cell
nucleus. It was assumed that the cellular distribution of `IIn-DTPA-hEGF under
receptor saturation conditions would be similar to that observed (Tables 1 and 2)
using conditions under which approximately 12% of the receptors were bound by
the radiopharmaceutical. The calculated radiation doses to each MDA-MB-468
cell when targeted to receptor saturation with "'In-DTPA-hEGF (specific activity
of 3.7 MBq/mg) was 24.7 Gy while 19.3 Gy was delivered to the cell nucleus
(Table 4). More importantly, although only 15% of the ".In-DTPA-hEGF was
localized in the cell nucleus, this fraction accounted for 80% of the total radiation
dose to the cell nucleus. The I"In-DTPA-hEGF in the cytoplasm was responsible
for an additional 18% of the radiation dose to the nucleus while the remaining
20% fraction of radiopharmaceutical remaining bound to the cell membrane
accounted for only 3% of the radiation dose delivered to the cell nucleus.
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The relative radiotoxicity of 1111n-DTPA-hEGF towards MDA-MB-468 cells
could not be further assigned to distinct intracellular compartments since the
radiopharmaceutical is distributed into multiple compartments (ie. cell membrane,
cytoplasm and nucleus). Nevertheless, by adjusting the survival curves for the
proportion of radiopharmaceutical bound to chromatin or present in the
cytoplasm, a comparison could be made of the potential differences in
radiosensitivity due to the radiopharmaceutical being localized in these
compartments. The adjusted survival curves (Fig. 2) showed that there could be
a 7 to 10-fold greater radiosensitivity of MDA-MB-468 cells when "11n-DTPA-
hEGF is bound to the chromatin (D. value of 4 mBq/cell) as compared to a
situation where the radiopharmaceutical is localized in the cytoplasm (Do value of
28 mBq/cell) or is evenly distributed in the entire cell (Do value of 40 mBq/cell).

Most normal tissues express very low levels of the EGFR (<104

receptors/cell) and should not be adversely affected by targeted Auger electron
radiotherapy of breast cancer using .. In-DTPA-hEGF. The radiopharmaceutical
might be radiotoxic however to the liver (25) and the kidneys (26) which exhibit
moderate to high levels of the EGFR (-10' receptors/cell). There was no
evidence of radiotoxicity to the liver or kidneys of mice administered high
amounts of "IIn-DTPA-hEGF corresponding on a MBq/m 2 basis to human
amounts of 740-14,208 MBq (surface area of a 25 g mouse is 0.009 m2

compared to 1.73 m2 in a 70 kg human). Indeed, over a 7-week observation
period, there were no significant increases in the concentration of ALT or
creatinine in the plasma and there were no morphological lesions in these
organs as detected by light or elecron microscopy. The 7-week observation
period should have been sufficient to detect at least early damage to the liver,
since Wordsworth et al. (35) showed that increases in serum ALT levels occur
within a few days in rats administered high doses of ' 98Au colloid (calculated to
deliver 30-110 Gy to the liver). Hebard et al. (36) found that hepatic injury
following administration of "98Au colloid to rats occurred in two phases: an early
phase occurring within the first 2-12 weeks involving fibrosis and infiltration of
inflammatory cells into the liver and a late phase occurring at 16-40 weeks
manifested by severe vasculature damage. It is nevertheless possible that very
late radiation injury to the liver or kidneys could become evident at time points
beyond 7 weeks. It is also possible that more subtle forms of liver radiotoxicity
may not be seen until the hepatocytes attempt cell division, a process which
could require a long period of time for a normally quiescent tissue such as the
liver. The radiotoxicity of "I1n-DTPA-hEGF against bone marrow stem cells was
not measured in this study, but myelotoxicity is not anticipated since <3% of the
bone marrow stem cell population has been found to express the EGFR (37) and
the radiopharmaceutical must specifically bind and internalize into the cells in
order to exert a radiotoxic effect.

One potential limitation to the clinical application of 1'In-DTPA-hEGF for
targeted radiotherapy of breast cancer is its rapid rate of elimination from the
blood which results in relatively low tumour localization. Studies in athymic mice
bearing subcutaneous MDA-MB-468 human breast cancer xenografts
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administered .11.n-DTPA-hEGF demonstrated tumour localization with
turnour/blood ratios approximately 12:1 but tumour uptake of the
radiopharmaceutical at 72 hours post-injection was only 2-3% injected dose/g
(38) (Table 5). We believe that the tumour localization of "'In-DTPA-hEGF in
vivo can be improved significantly by prolonging its residence time in the blood,
since the accumulation of "In labelled anti-EGFR monoclonal antibody 528
(which clears much more slowly from the blood than hEGF) in MDA-MB-468
breast cancer xenografts was 10-fold higher (21% injected dose/g) than that
observed for .. ln-DTPA-hEGF. We are currently modifying the properties of the
hEGF molecule to increase its specific activity and slow its elimination from the
blood to improve tumour localization. In future studies, once the pharmacokinetic
properties of the radiopharmaceutical have been optimized, we will evaluate the
potential for targeted Auger electron radiotherapy of breast cancer in viva in
athymic mice bearing MDA-MB-468 human breast cancer xenografts. Another
important issue in the clinical application of `ln-DTPA-hEGF for the treatment of
breast cancer is receptor heterogeneity, since the radiopharmaceutical is only
radiotoxic to cells which express the EGFR and are able to specifically
internalize the radiopharmaceutical. In order to address this potential problem, it
may be necessary to utilize a "cocktail" of Auger electron-emitting
radiopharmaceuticals. Since EGFR expression is inversely correlated with the
expression of estrogen receptors (19) or somatostatin receptors (39), "In-
DTPA-hEGF could be combined with 1251-estradiol (40) or "'In-pentetreotide (18)
to target a higher proportion of tumour cells in a lesion.

CONCLUSIONS
We have shown for the first time that I"In-DTPA-hEGF was selectively

radiotoxic in vitro to human breast cancer cells which overexpress the EGF
receptor. "'ln-DTPA-hEGF was rapidly bound by breast cancer cells,
internalized into the cytoplasm and transported to the cell nucleus. We
hypothesize that the internalization and nuclear translocation of "`In-DTPA-
hEGF delivered the radionuclide in proximity to chromosomal DNA at which the
emitted Auger electrons were lethal to the cells. There was no evidence of
radiotoxicity associated with the administration of high amounts of the
radiopharmaceutical in vivo against normal tissues such as the liver or kidneys
which exhibit moderate-high levels of EGFR expression over a 7-week
observation period in mice. Issues relating to tumour uptake of '"In-DTPA-hEGF
in vivo remain to be addressed, but these results are nevertheless encouraging
for the application of 1 ln-DTPA-hEGF in humans for targeted Auger electron
radiotherapy of advanced, hormone-resistant breast cancer overexpressing the
EGF receptor.
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LEGENDS FOR FIGURES

FIGURE 1. Fluorescence microscopy of MDA-MB-468 human breast cancer cells
incubated with fluorescein-hEGF for 1 hour at 37 °C (left) and with the nuclear
stain, 4'6'-diamidino-2-phenylindole dihydrochloride (DAPI) (right). Fluorescein-
hEGF was rapidly internalized into the cytoplasm of the MDA-MB-468 cells and
formed a ring surrounding the cell nucleus. The cell nucleus was visualized using
DAPI.

FIGURE 2. Cell survival curves measured in a, clonogenic assay for MDA-MB-
468 (o) or MCF-7 ( ) human breast cancer cells treated in vitro with `I1n-DTPA-
hEGF. Survival curves are also presented for MDA-MB-468 cells treated with
"'In-DTPA-hEGF adjusted for the proportion of radioactivity localized in the
cytoplasm (*) or bound to chromatin (U). The error bars represent the s.e.m. of
the surviving fraction calculated from experiments performed in triplicate dishes.

FIGURE 3. Alanine aminotransferase (ALT) concentrations in the plasma of
Balb/c mice prior to tail vein injection (PRE) and as a function of time after
injection and increasing amounts of injected 11ln-DTPA-hEGF (3.7-44 MBq).
Only at the highest administered amount of radioactivity was there a slight rise in
ALT concentrations.

FIGURE 4. Electron micrographs of sections of liver (left) and kidney (right) of
athymic mice 7 weeks after tail vein injections of two separate amounts of "'in-
DTPA-hEGF (37 and 74 MBq) separated by a 4-week time interval. No evidence
of morphological damage to the liver such as mitochondrial changes,
proliferation of smooth endoplasmic reticulum or lysosomes or steatosis could be
observed. Similarly, there was no apparent morphological damage to the kidneys
in the form of altered renal tubular structures.



34

TABLE I
Kinetics of binding and internalization of ... 1n-DTPA-hEGF

in MDA-MB-468 human breast cancer cells.

Time Proportion of Proportion of cell-bound
(h) ... In-DTPA-hEGF bound "1 ln-DTPA-hEGF

to MDA-MB-468 cells internalized
() by MDA-MB-468 cells

0.25 41.6 ± 6.8 66.9 ± 2.9
0.5 42.9 ± 7.6 66.2 ± 3.7
1 45.6 ± 8.8 67.4 ± 2.4
2 46.2 ± 9.1 73.1 ± 1.5
3 48.1 ± 10.0 73.0 ± 2.7
4 42.8 ± 8.4 78.3 ± 2.2

24 56.1 ±7.4 78.6 ± 7.5

*Mean ± s.e.m. of 3-6 experiments.

TABLE 2
Kinetics of nuclear localization of "1In-DTPA-hEGF

in MDA-MB-468 breast cancer cells.

Time Proportion of cell-bound Proportion of cell-bound
(h) "'1n-DTPA-hEGF bound "1 ln-DTPA-hEGF

to the cell nucleus associated
with the chromatin

0.5 7.2 ± 0.8 2.5 ± 1.4
1 8.2 ± 0.5 2.9 ± 0.9
2 7.1 ± 2.2 3.4 ± 1.1
4 8.2 ± 1.0 3.6 ± 0.6

24 15.5 ±2.1 9.6 ± 1.3

*Mean ± s.e.m. of 3 experiments.
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TABLE 4
Radiation absorbed dose estimates to the cell nucleus by .11.n-DTPA-hEGF

localized in compartments of a MDA-MB-468 human breast cancer cell*.
Radiation dose

to the cell
nucleust

Cell compartment A S
(Bq.sec): (Gy/Bq.sec X 10"Q) (Gy)

Membrane 3,357 1.78 0.60
Cytoplasm 10,917 3.18 3.47
Nucleus 2,522 60.30 15.21

Total: 19.28

*The cellular radiation dosimetry model of Goddu et al. J. Nucl. Med. 35: 303-

316, 1994 was used to estimate the radiation absorbed dose (5) to the cell

nucleus: D = A ,,S where S is the radiation absorbed dose in the nucleus (Gy)
per unit of cumulated radioactivity in the source compartment, A (Bq.sec).

tBased on targeting a single MDA-MB-468 human breast cancer cell with a
diameter of 10 mm and a nucleus with a diameter of 6 mm to receptor saturation
with I"In-DTPA-hEGF. At concentrations of the radioligand leading to receptor
saturation, approximately 48 mBq of "IIn-DTPA-hEGF would be bound to each
MDA-MB-468 cell at a specific activity of 3.7 MBq/mg.

:lAssumes the rapid localization of 11ln-DTPA-hEGF in a compartment and a
rate of elimination corresponding to the radioactive decay of the radionuclide,

indium-1Il. = A0 /A, where I is the radioactive decay constant for "'In (2.83 X

10.6 sec1).
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TABLE 5

Biodistribution of 1111n-DTPA-hEGF at 72 hours post-injection in athymic mice
bearing subcutaneous MDA-MB-468 human breast cancer xenografts*.

Localization of 11.In-DTPA-hEGF
Tissue tPercent injected dose/g tTumour/Normal Tissue

Ratio
Blood 0.19 ± 0.03 11.85 1.10
Heart 0.57 ± 0.03 3.92 + 0.50
Lungs 0.89 ± 0.07 2.52 ± 0.28
Liver 9.97 ± 0.07 0.28 ± 0.08
Kidneys 13.69 1.51 0.18 ± 0.04
Spleen 2.29 0.19 0.98 ± 0.11
Stomach 0.54 + 0.05 4.46 ± 0.97
Intestine 1.77 ± 0.24 1.45 ± 0.38
Tumour 2.24 ± 0.32 na

*Abstracted from: Reilly RM, Kiarash R, Sandhu JS et al. A comparison of

epidermal growth factor and monoclonal antibody 528 labeled with indium-I 11
for imaging breast cancer. J Nucl Med (submitted) 1999.

t Mean ± s.e.m. ( n = 5)
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ABSTRACT
Our objective was to compare .111in-labeled human epidermal growth factor
(hEGF), a 53-amino acid peptide with anti-EGFR monoclonal antibody (mAb)
528 (IgG21) for imaging EGFR-positive breast cancer. Methods: hEGF and mAb
528 were derivatized with diethylenetriaminepentaacetic acid (DTPA) and
labeled with "'in acetate. Receptor binding assays were conducted in vitro
against MDA-MB-468 human breast cancer cells. Biodistribution and tumor
imaging studies were conducted following i.v. injection of the
radiopharmaceuticals in athymic mice bearing s.c. MCF-7, MDA-MB-231 or
MDA-MB-468 human breast cancer xenografts or in scid mice implanted with a
breast cancer metastasis (JW-97 cells). MCF-7, MDA-MB-231, JW-97 and MDA-
MB-468 cells expressed 1.5 X 104, 1.3 X 10-, 2.7 X 105 and 1.3 X 106 EGFR/cell
respectively in vitro. Results: `In-DTPA-hEGF and "IIn-DTPA-mAb 528 bound
with high affinity to MDA-MB-468 cells (Ka of 7.5 X 108 and 1.2 X 108 L/mol
respectively). `IIn-DTPA-hEGF was eliminated rapidly from the blood with <0.2%
injected dose/g (% i.d./g) circulating at 72 hours p.i. whereas "IIn-DTPA-mAb
528 was cleared more slowly (3% i.d./g in the blood at 72 hours). Maximum
localization of 1̀ ln-DTPA-hEGF in MDA-MB-468 tumours (2.2% i.d./g) was 10-
fold lower than with "'In-DTPA-mAb 528 (21.6% i.d./g). There was high uptake
in the liver and kidneys for both radiopharmaceuticals. Tumor/blood ratios were
greater for "'i1n-labelled hEGF than for mAb 528 (12:1 versus 6:1) but all other
tumor/normal tissue ratios were higher for mAb 528. MDA-MB-468 and JW-97
tumors were successfully imaged with either radiopharmaceutical but tumors
were more easily visualized using "'in-labeled mAb 528. There was no direct
quantitative relationship between EGFR expression on breast cancer cell lines in
vitro, and tumor uptake of the radiopharmaceuticals in vivo but control studies
demonstrated that tumor uptake was receptor-mediated. Conclusion: Our
results suggest that the tumor uptake in vivo of receptor-binding
radiopharmaceuticals is controlled to a greater extent by their elimination rate
from the blood than by the level of receptor expression on the cancer cells.
Radiolabeled anti-EGFR mAbs would be more effective for tumor imaging in
cancer patients than peptide-based radiopharmaceuticals such as hEGF,
because they exhibit higher tumor uptake at only moderately lower tumor/blood
ratios.

Key words: breast cancer; epidermal growth factor; monoclonal antibody 528;
indium-1 11; imaging; epidermal growth factor receptor
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INTRODUCTION
The overexpression of cell surface receptors for peptide growth factors is

believed to be one process whereby cancer cells acquire the ability to escape
normal growth regulatory mechanisms. The presence of the epidermal growth
factor receptor (EGFR) at levels up to 100 times higher than on most normal
epithelial tissues (<104 receptors/cell) has been observed in 30-60% of human
breast cancers (reviewed in (1)). EGFR overexpression in breast cancer is
inversely correlated with estrogen receptor (ER) expression and is directly
correlated with a lack of response to hormonal'therapy with tamoxifen. Several
studies have associated this cellular phenotype with a poor long-term survival
(1).

Patients with disseminated, hormone-resistant breast cancer are
candidates for systemic chemotherapy. In addition, new drugs are currently
under development which would specifically target the high levels of EGFR
expression commonly observed in such malignancies. These drugs include
monoclonal antibodies (mAbs) which block the binding of epidermal growth
factor (EGF) to the receptor (2), tyrosine kinase inhibitors (tyrphostins) which can
interfere with the intracellular signaling pathways (3), and EGF-conjugated toxins
which specifically deliver highly potent inhibitors of protein synthesis into the
cytoplasm of the cancer cells (4). A logical extension of this strategy, currently
being explored in our laboratory (5) and by others (6), would be to develop novel
radiotherapeutic agents which could deliver high doses of radiation specifically to
EGFR-positive cancer cells.

The effectiveness of new therapeutic agents targeted to the EGF receptor
will depend on the ability to detect and characterize EGFR expressing metastatic
lesions throughout the body. ER status is commonly measured in biopsies of
primary breast cancer lesions at the time of staging in order to select patients for
hormonal therapy. EGFR expression in metastatic disease could be inferred from
the inverse correlation between ER and EGFR expression in breast cancer. This
approach may be limited however by potential differences in EGFR/ER positivity
between the primary tumor and metastases, heterogeneity in receptor
expression by the tumor cells, temporal changes in ER/EGFR expression which
can occur as a result of treatment (7) and the inability to directly evaluate EGFR
expression in individual lesions. A survey of the whole body by gamma
scintigraphy using radiopharmaceuticals specifically targeted to the EGFR would
be useful to detect breast cancer lesions and characterize the level of EGFR
expression at these sites in order to appropriately select patients for novel anti-
EGFR therapies.

It has been proposed (8) that peptide-based radiopharmaceuticals such
as radiolabeled growth factors may be more effective for imaging of tumors than
radiolabeled mAbs due to their more rapid elimination from the blood which
produces higher tumor/blood ratios at early time points. The objective of this
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study was therefore to directly compare human epidermal growth factor (hEGF),
a 53-amino acid peptide ligand for the EGFR with anti-EGFR mAb 528 (9)
labeled with indium-1 11 (1111n) for imaging EGFR-positive human breast cancer.

MATERIALS AND METHODS

Breast cancer cells
MDA-MB-468 and MDA-MB-231 human breast cancer cells were obtained

from the American Type Culture Collection (ATCC, Rockville, MD) and were
cultured in L-15 medium (Sigma, St. Louis, MO) supplemented with 10% fetal
calf serum (FCS). MCF-7 breast cancer cells were obtained from Dr. A. Marks at
the Banting and Best Department of Medical Research, University of Toronto
and were cultured in Minimal Essential Medium (MEM, Sigma, St. Louis, MO)
supplemented with 10% FCS, non-essential amino acids and glutamine (Gibco-
BRL, Life Technologies, Burlington, ON, Canada). S1 breast cancer cells are a
subclone of the MDA-MB-468 breast cancer cell line which express a lower
number of EGFR molecules on their surface (10). S1 cells were obtained from
Dr. R. Buick at the Ontario Cancer Institute and were cultured in L-15 medium
supplemented with 10% FCS and 107 M EGF. JW-97 human breast cancer cells
were obtained by trypsinization of a skeletal metastasis from a patient with
advanced disease which was passaged in severe combined immunodeficiency
(scid) mice. JW-97 cells were cultured in RPMI 1640 medium (Sigma, St. Louis,
MO) supplemented with 10% FCS.

Radiolabelling of epidermal growth factor
hEGF (Upstate Biotechnology, Lake Placid, NY) was derivatized with

diethylenetriaminepentaacetic acid (DTPA) using the bicyclic anhydride of DTPA
(Sigma, St. Louis, MO) as previously described (11). DTPA-derivatized hEGF
demonstrated a single band with an apparent Mr of 6 kDa by sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a Tris-Tricine
gel (BioRad, Mississauga, ON, Canada) indicating no apparent cross-linking of
hEGF molecules following reaction with the bicyclic DTPA anhydride. DTPA-
conjugated hEGF (25-50 mg) was radiolabeled with "11n acetate to a specific
activity of 3.7-7.4 MBq/mg (22,200-44,400 MBq/mmol). "'In acetate was
prepared by mixing equal volumes of "'In chloride (>7,400 MBq/mL, MDS-
Nordion, Kanata, ON, Canada) and 1 M acetate buffer pH 6. "'In-DTPA-hEGF
was purified from free "in by size-exclusion chromatography on a P-2 mini-
column (BioRad, Mississauga, ON, Canada), then analyzed for radiochemical
purity by silica gel instant thin layer chromatography (ITLC-SG, Gelman, Ann
Arbor, MI) in 100 mM sodium citrate pH 5. The radiolabelling efficiency was
approximately 80%. The radiochemical purity of I"In-DTPA-hEGF was routinely
between 95-98%.



" 43

hEGF was radioiodinated to a specific activity of 1.5-2.2 MBq/mg (8,880-
13,320 mCi/mmol) by incubating 10 mg of hEGF with 18.5-37 MBq of 1251 sodium
iodide (Nycomed-Amersham, Oakville, ON, Canada) and 20 mg of chloramine-T
(Sigma, St. Louis, MO) for 30 seconds in a glass tube at room temperature. After
addition of sodium metabisulfite (40 mg), the radioiodinated hEGF was purified
on a P-2 mini-column. The radiolabelling efficiency was approximately 70%. The
radiochemical purity of 125l-hEGF was >95% as determined by paper
chromatography (Whatman No. 1, Maidstone, England) in 85% methanol.

Production and radiolabeling of monoclonal antibody 528
SHB 8509 hybridoma cells secreting anti-EGFR mAb 528 (IgG 2a) were

obtained from ATCC (Rockville, MD) and were cultured in RPMI 1640
supplemented with 20% FCS. Balb/c mice were injected i.p. with 1 mL of
Pristane (2,6,10,14-tetramethylpentadecane, Sigma, St Louis, MO) followed 3-4
days later with an i.p. injection of 10' HB 8509 hybridoma cells in culture
medium. After 2 weeks, the ascites fluid was removed from the peritoneal cavity
and anti-EGFR mAb 528 was purified from the ascites fluid on a Protein G
column (Pierce, Rockford, IL). The purified mAb 528 was desalted on a
Sephadex G-25 column (PD-10, Pharmacia, Uppsula, Sweden), concentrated on
a Centricon-30 ultrafiltration device (Amicon, Beverly, MA) and diluted to a
concentration of 10 mg/mL in 50 mM sodium bicarbonate buffer pH 7.5. The
purity of the mAb 528 preparation was assessed by SDS-PAGE under non-
reducing conditions on a 4-20% Tris-glycine gel (BioRad). The protein
preparation resulted in a single band migrating with an apparent molecular
weight (M.) of 150 kDa. Approximately 2 mg of mAb 528 was obtained per mL of
ascites fluid.

Monoclonal antibody 528 (0.5-1 mg), 10 mg/mL in trace-metal free 50 mM
sodium bicarbonate buffer pH 7.5 was derivatized with DTPA using the bicyclic
anhydride of DTPA (cDTPAA, Sigma, St. Louis, MO) at a molar ratio
(cDTPAA:mAb 528) of 10:1. as previously described (12). DTPA-mAb 528 was
purified by size-exclusion chromatography on a Sephadex G-50 (Pharmacia,
Uppsula, Sweden) mini-column eluted with 50 mM sodium bicarbonate buffer pH
7.5 followed by ultrafiltration through a Centricon-30 device. Analysis of DTPA-
mAb 528 by SDS-PAGE under non-reducing conditions on a 4-20% Tris-glycine
gel (BioRad) showed a predominant band with an apparent Mr of 150 kDa and a
minor band with apparent M, of 300 kDa, indicating a small proportion (<10%) of
mAb 528 molecules cross-linked through the bicyclic DTPA anhydride. DTPA-
mAb 528 (250-500 mg) was radiolabeled to a specific activity of 0.07-0.14
MBq/mg (11,100-22,200 MBq/mmol) with ..In acetate (37 MBq) and purified
from free "in on a Sephadex G-50 mini-column eluted with 150 mM sodium
chloride. The radiolabelling efficiency of DTPA-mAb 528 was approximately
85%. The radiochemical purity of "IIn-DTPA-mAb 528 was routinely >95%
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determined by ITLC-SG developed in 100 mM sodium citrate pH 5. A non-
specific murine IgG 2a (Sigma Product No. M-9144, St. Louis, MO) was
derivatized with cDTPAA and radiolabeled with "11n acetate in an identical
manner to mAb 528.

Monoclonal antibody 528 (25-50 mg) was radioiodinated to a specific
activity of 0.18-0.37 MBq/mg (27,750-55,500 MBq/mmol) by incubation with 18.5
MBq 1251 sodium iodide in a glass tube pre-coated with 20 mg of 1,3,4,6-
tetrachloro-3a,6a-diphenylglycouril (Sigma, St. Louis, MO) at room temperature.
Radioiodinated mAb 528 was purified on a Sephadex G-50 mini-column. The
radiolabelling efficiency was approximately 70%. The radiochemical purity of 1251_

mAb 528 was >95% as determined by paper chromatography (Whatman No. 1)
in 85% methanol.

Measurement of receptor binding in vitro
The binding of radiolabeled hEGF or mAb 528 to its receptor on MDA-MB-

468, S1, MDA-MB-231,. MCF-7 or JW-97 human breast cancer cells was
measured using a direct binding assay. Briefly, aliquots of either radiolabeled
hEGF (0.25-80 ng) or mAb 528 (6 ng-4 mg) were dispensed into 35 mm multiwell
culture dishes containing 1.5 to 7 X 106 breast cancer cells in 1 mL of 150 mM
sodium chloride containing 0.2% w/v human serum albumin. After incubation of
the dishes at 37 °C for 30 minutes, the cells were transferred to tubes and
centrifuged to separate the bound radioactivity (B) in the cell pellet from the free
radioactivity (F) in the supernatant. The cell pellet and supernatant were counted
in a gamma scintillation counter (Packard Auto Gamma 5650, Packard
Instruments, Downer's Grove, IL). Non-specific binding was determined by
conducting the assay in the presence of 100 nM hEGF or mAb 528. The affinity
constant (K,) and number of receptors/cell (Bmax) were determined from a non-
linear fitting of the binding data (13).

The receptor-binding fraction (RBF) at infinite receptor excess was
determined by incubating 0.5-1 ng of 1̀ 'ln-DTPA-hEGF or 10-20 ng of ".ln-
DTPA-mAb 528 with increasing concentrations of MDA-MB-468 breast cancer
cells (1 to 20 X 106 cells/mL) for 30 minutes at 37 °C and determining the fraction
of radioactivity bound. The RBF at infinite receptor excess was obtained from the
intercept on the ordinate (1/RBF) of a plot of total/bound counts versus 1/cell
concentration as previously described by Lindmo et al. (14).

Biodistribution and tumor imaging studies
. Four to six weeks old female, Swiss athymic (nu/nu) mice (Charles River

Laboratories, Montreal, PQ, Canada) were injected subcutaneously in the right
hind leg with 5 X 106 to 107 MDA-MB-468, MDA-MB-231 or MCF-7 human breast
cancer cells in growth medium. Mice inoculated with MCF-7 cells also received
estradiol supplementation with bi-weekly s.c. injections of 0.5 mg of conjugated
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estrogens (Premarin®, Wyeth-Ayerst, St. Laurent, PQ, Canada) required for
MCF-7 cells to form tumor xenografts. A freshly obtained biopsy of a skeletal
metastasis from a patient with advanced breast cancer (JW-97 cells) was
implanted in the left hind leg of scid mice (Samuel Lunenfeld Research Institute).
A dose of 1.85-3.7 MBq of 1111n-DTPA-hEGF (0.5-1 mg) or ... In-DTPA-mAb 528
(25-50 mg) was injected i.v. into mice when the tumors reached a diameter of
0.25-0.5 cm (1-2 cm for JW-97 tumors). One group of control mice received a
dose of 1.85-3.7 MBq of 1"In-DTPA (Draxlmage, Dorval, PQ). An "'In-labeled
non-specific murine IgG 2, was injected into a second group of control mice while
"'In-DTPA-hEGF pre-mixed with 500 mg of non-radioactive hEGF (ratio of non-
radioactive hEGF:"lln-DTPA-hEGF = 1000:1) was injected i.v. into a third group
of control mice.

At 24, 48 and 72 hours post-injection, groups of mice were sacrificed by
cervical dislocation and the tumor and samples of normal tissues were removed
to measure levels of radioactivity. Tissue samples were weighed and counted
along with a standard of the injected radiopharmaceutical in a gamma counter
(Packard Auto Gamma 5650, Packard Instruments, Downer's Grove, IL) using a
window (150-270 keV) to include the two gamma photopeaks of "'In (172, 247
keV). The uptake of each radiopharmaceutical by the tumor and normal tissue
was expressed as percent injected dose per gram of tissue (% i.d./g) and as
tumor/normal tissue (TINT) ratios. At 72 hours post-injection, posterior images of
the mice implanted with the MDA-MB-468, JW-97 or MCF-7 human breast
cancer xenografts were obtained on a Siemens ZLC-3700 gamma camera
(Siemens, Knoxville, TN) fitted with a medium energy pinhole collimator and
interfaced to a General Electric Star 4000i computer (General Electric,
Milwaukee, WI). Images were acquired for 10 minutes using a 20% window
centered over the 172 and 247 keV photopeaks of "'in. Animal studies were
conducted under an approved Animal Care Protocol (# 94-036) at The Toronto
Hospital and following the Canadian Council on Animal Care (CCAC) guidelines.

Statistical analysis
Statistical comparisons were perfomed by ANOVA (F-test, p<0.05) and

Student's t-test (p<0.05).

RESULTS

Binding of radiolabeled hEGF and mAb 528 to breast cancer cells in vitro
1 '11n-DTPA-hEGF and ... In-DTPA-mAb 528 bound with high affinity and

specificity in vitro to MDA-MB-468 human breast cancer cells (Table 1). The
affinity constant (Ka) was approximately 6-fold higher for `In-DTPA-hEGF than
for 11In-DTPA-mAb 528. There was no significant difference in binding affinity
between the ..ln and corresponding 1251 labeled analogs, suggesting that the
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conjugation of the DTPA chelator to amino groups and their radiolabelling with
"11..n did not adversely effect the binding of the resulting radiopharmaceutical to
the EGFR. The number of binding sites recognized on the MDA-MB-468 cells
(Bmax) was similar for all four radiolabeled ligands. There was no significant
difference (p = 0.0847) in the fraction of radiolabelled molecules able to bind to
EGF receptors on MDA-MB-468 cells under conditions of infinite receptor excess
(receptor-binding fraction, RBF) for ... In-DTPA-hEGF (0.73 ± 0.17, n = 3) and
""1n-DTPA-mAb 528 (0.50 ± 0.04, n = 3).

EGFR expression varied considerably among the five breast cancer cell
lines tested (Table 2). The highest expression (>106 EGFR/cell) was observed on
MDA-MB-468 cells which have an amplified EGFR gene (10). MCF-7 and S1
cells exhibited the lowest expression (<104 EGFR/cell). MCF-7 is an ER-positive
cell line, expected to have low EGFR expression and the cell line S1 represents
a subclone of the MDA-MB-468 cell line, where the expression of the EGFR
gene is down-regulated (10). JW-97 cells, originally obtained from a biopsy of a
skeletal metastasis in a patient with advanced disease, exhibited intermediate
levels of EGFR expression, similar to the levels on the MDA-MB-231 breast
cancer cell line (1-3 X 105 receptors/cell) but almost 30-fold higher than on most
normal epithelial tissues (<104 EGFR/cell).

Biodistribution and tumor imaging studies
The biodistribution of "1 1n-DTPA-hEGF and 11In-DTPA-mAb 528 at

selected times after an i.v. (tail vein) injection in athymic mice bearing
subcutaneous MDA-MB-468 human breast cancer xenografts is shown in Fig. 1.
The blood levels of "IIn-DTPA-hEGF (Fig. 1 A) decreased rapidly with <0.8%
i.d./g present in the blood at 24 hours post-injection decreasing to <0.2% i.d./g at
72 hours. Assuming a blood volume of approximately 2.5 mL for a mouse
weighing 25 g, the concentration of "'In-DTPA-hEGF in the blood corresponded
to about 1.7-2.5% of the injected dose of the radiopharmaceutical at 24 hours
and <0.5% at 72 hours. In contrast, the blood levels of 1 IIn-DTPA-mAb 528 (Fig.
1 B) decreased more slowly with approximately 9% i.d./g present in the blood at
24 hours post-injection decreasing to 3% i.d./g at 72 hours. The concentration of
"1 In-DTPA-mAb 528 in the blood corresponded to about 21-25% of the injected
dose of the radiopharmaceutical circulating at 24 hours post-injection decreasing
to about 7-8% at 72 hours.

The normal tissues which accumulated the highest concentrations of the
radiopharmaceuticals were the liver and kidneys (Fig. 1). Liver uptake of "In-
DTPA-hEGF (Fig. 1 A) was relatively constant ranging from 8-10% i.d./g. The
concentration of '"In-DTPA-hEGF in the kidneys increased slightly from about
11% i.d./g at 24 hours to 14% i.d./g at 72 hours post-injection. Approximately 11-
14% of the injected dose of "'In-DTPA-hEGF localized in the liver and 4-5% in
the kidneys assuming organ weights of 1.4 g and 0.36 g respectively. For " 11n-
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DTPA-mAb *528 (Fig. 1 B), liver accumulation ranged from 6-8% i.d./g and
uptake in the kidneys was 12-17% i.d./g over the time period of 24 to 72 hours
post-injection. The liver sequestered approximately 8-11% of the injected dose of
"11In-DTPA-mAb 528 and the kidneys accumulated 4-6%. There were no
significant differences in the concentration of the two radiopharmaceuticals in the
liver or kidneys at 72 hours.

Maximum localization of `IIn-DTPA-hEGF in the MDA-MB-468 human
breast cancer xenografts occurred at 72 hours post-injection (2.2% i.d./g) and
was up to 10-fold lower than that observed for .. ln-DTPA-mAb 528 (Fig. 1).
Maximum tumor uptake of .. In-DTPA-mAb 528 occurred at 24 hours post-
injection (21.6% i.d./g) then decreased to 11-15% i.d./g at 48 to 72 hours post-
injection. The mean uptake of `In-DTPA-hEGF in the MDA-MB-468 breast
cancer xenografts at 72 hours post-injection was decreased more than 5-fold by
co-administering 500 mg of unlabeled hEGF (0.40 ± 0.15 % i.d./g) suggesting
that tumor uptake was a receptor-mediated event. Similarly, the uptake of non-
specific .In-labeled IgG 21 into MDA-MB-468 breast cancer xenografts at 72
hours post-injection (9.13 ± 1.92 % i.d./g) was 2-fold lower than that observed for
".In-DTPA-mAb 528 suggesting that uptake of mAb 528 by tumor cells was also
receptor mediated. The mean tumor uptake of .. In-DTPA at 72 hours post-
injection was 0.07 ± 0.01 % i.d./g.

T/NT ratios at selected times after administration of the
radiopharmaceuticals are shown in Fig. 2. Tumor/blood ratios increased rapidly
for `In-DTPA-hEGF (Fig. 2 A) reaching values of 2.6:1 at 24 hours increasing to
12:1 at 72 hours post-injection. Tumor/blood ratios for "'In-DTPA-mAb 528 (Fig.
2 B) increased more slowly from 2.5:1 at 24 hours to about 6:1 at 72 hours post-
injection. T/NT ratios for "'In-DTPA-hEGF were >2:1 for blood, heart, lungs,
stomach and intestine up to 72 hours post-injection but were <<1:1 for the liver
and kidneys due to high accumulation of the radiopharmaceutical in these
normal tissues. Except for the blood, all other T/NT ratios for "'In-DTPA-mAb
528 were higher than those for .. In-DTPA-hEGF (Fig. 2 B). Tumor/liver ratios for
"'In-DTPA-mAb 528 (1.4:1 to 3.3:1) were 5 to 11-fold higher than those
observed for "IIn-DTPA-hEGF and tumor/kidney ratios were 3 to 10-fold greater
(0.7:1 to 1.8:1).

Biodistribution studies in athymic or scid mice bearing s.c. MDA-MB-468,
MDA-MB-231, JW-97 or MCF-7 human breast cancer xenografts at 72 hours
post-injection of ".In-DTPA-hEGF or "'In-DTPA-mAb 528 demonstrated no
direct correlation between the level of tumor uptake of the radiopharmaceuticals
and the level of EGFR expression on these cell lines measured in vitro (Table 2).
For example, there were no significant differences in the level of accumulation of
".In-DTPA-hEGF (or 'IIn-DTPA-mAb 528) in MCF-7 or MDA-MB-468 breast
cancer xenografts despite a 100-fold difference in receptor expression (p =
0.6408 and p = 0.0957 respectively). Similarly, there were no significant
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differences in the level of accumulation of ... In-DTPA-hEGF (or ... In-DTPA-mAb
528) in MDA-MB-231 and MDA-MB-468 breast cancer xenografts despite a 10-
fold difference in receptor expression (p = 0.3955 and p = 0.6838 respectively).
Nevertheless, the tumor uptake of "'In-DTPA-mAb 528 was 4 to 12 fold higher
than that of 11In-DTPA-hEGF in all cases. The localization of either "'In-DTPA-
hEGF or "'In-DTPA-mAb 528 was significantly lower in JW-97 tumors than in the
MDA-MB-468 breast cancer xenografts (p = 0.0041 and p = 0.0260 respectively).
There was no significant difference in the tumor uptake of "'In-DTPA-hEGF in
MDA-MB-231 breast cancer xenografts as compared to the JW-97 tumors (p =
0.427). Similarly, there was no significant difference in the tumor uptake of "'In-
DTPA-mAb 528 between the MDA-MB-231 or JW-97 tumor xenografts (p =

0.684).
MDA-MB-468 and JW-97 human breast cancer xenografts expressing 1.3

X 106 or 2.7 X 105 EGF receptors/cell in vitro respectively (Table 1) were
successfully imaged with '"In-DTPA-hEGF or IIn-DTPA-mAb 528 at 72 hours
post-injection (Fig. 3 and Fig. 4). However, the greater tumor uptake of .In-
DTPA-mAb 528 compared to "11n-DTPA-hEGF resulted in an enhanced
definition of the breast cancer xenografts. The liver and kidneys were the major
normal organs visualized on the images but there was also some uptake in the
area of the submaxillary glands. The levels of circulating radioactivity and whole
body radioactivity were considerably lower on the images obtained using "'In-
DTPA-hEGF than on those obtained with "'In-DTPA-mAb 528. MCF-7
xenografts could not be visualized with either "'In-DTPA-hEGF or "'In-DTPA-
mAb 528 due to their small size (<0.2 cm in diameter).

DISCUSSION

Our objective was to compare a peptide-based radiopharmaceutical and a
mAb directed against the same cell-surface receptor for imaging of human breast
cancer. A systematic evaluation of the localization profiles of these two different
radiopharmaceuticals was conducted in breast cancer xenografts expressing a
broad range of EGF receptor levels. EGFR-positive breast cancer xenografts
hosted in immunocompromised mice were successfully imaged using hEGF, a
53-amino acid peptide ligand (Mr 6 kDa) for the receptor or anti-EGFR mAb 528
(Mr 150 kDa) labeled with ...In. The tumor uptake observed with "'In-DTPA-mAb
528 was 7 to 10 fold higher than that observed for .. ln-DTPA-hEGF. As a result,
the images of the breast cancer xenografts were much clearer with "IIn-DTPA-
mAb *528, indicating that in certain situations mAbs are more effective tumor
targeting vehicles than peptide growth factors for receptor imaging of cancer.
The higher tumor uptake observed with "In-DTPA-mAb 528 was likely due to its
slower elimination from the blood which permitted a greater proportion of the
injected dose of the radiopharmaceutical to diffuse into the extravascular space
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and bind to receptors on breast cancer cells. The higher accumulation of
radioactivity in the MDA-MB-468 breast cancer xenografts observed for ..'In-
DTPA-mAb 528 was not due to a higher receptor binding affinity, since cell
binding assays demonstrated that the affinity constant for ... 1n-DTPA-mAb 528
was actually 6-fold lower than that for "'In-DTPA-hEGF (Ka = 1.2 X 108 versus
7.5 X 108 L/mol respectively, Table 1).

"'In-DTPA-hEGF was rapidly eliminated from the blood in the animals
with <2-3% of the injected dose remaining in the circulation at 24 hours post-
injection and <1% at 72 hours. Two possible mechanisms could explain the rapid
blood clearance of "'In-DTPA-hEGF: 1) sequestration by normal tissues which
have high levels of EGFR expression (eg. liver and kidneys) and 2) a high
proportion of renal elimination. "'In-DTPA-mAb 528 was eliminated much more
slowly from the blood than '1 ln-DTPA-hEGF with 25-30% of the injected dose
present in the circulation at 24 hours post-injection and 10% at 72 hours. The
slow elimination of "IIn-DTPA-mAb 528 from the blood was due to its large
molecular size (Mr 150 kDa) which prevented its filtration at the glomerulus, a
process which is restricted to proteins with Mr <60 kDa.

Normal hepatocytes exhibit moderate to high levels of EGFR expression
(8 X 104 to 3 X 109 EGFR/ceII) (15,16) and specific receptors for 12 5I-EGF have
been detected in vitro in rat kidney homogenates (17) and on renal tubular cells
(18). The liver has also been shown to have a high capacity to extract 1251-EGF
from the circulation (16,19). 12 5I-EGF taken up by hepatocytes is primarily
internalized into lysosomes and degraded, but a fraction of internalized EGF
molecules are transported by a non-lysosomal pathway and secreted into the
bile (19). In our study, the liver and kidneys accumulated the highest
concentrations of "1In-DTPA-hEGF and "11n-DTPA-mAb 528. Although 12511

labeled EGF has also been reported to exhibit high liver and kidney uptake,
radioactivity was cleared from these organs within a few hours (20-22). For
example, in rats administered 12

1 -labeled hEGF, >90% of liver radioactivity was
cleared within 90 minutes (19). In contrast, the concentration of "In radioactivity
in the liver and kidneys of mice administered 'IIn-DTPA-hEGF or "'In-DTPA-
mAb 528 remained relatively constant up to 72 hours post-injection (Fig. 1). The
clearance of radioactivity from the liver and kidneys following administration of
12 51-labeled hEGF is thought to be due to binding of the radioligand to cell surface
receptors on hepatocytes or renal tubular cells followed by internalization and
degradation to free 1251 and 1

2 1-iodotyrosine. These catabolites are then exported
from the cells and eliminated (23). "IIn-DTPA-hEGF may follow a similar
biological pathway involving its binding and internalization by hepatocytes or
renal tubular cells and its degradation by intracellular proteases. However, in the
case of "IIn-DTPA-hEGF, the final catabolites are likely "'In-DTPA covalently
linked to one of the two lysine residues (K28 or K48) or to the N-terminal
asparagine. These terminal catabolites would not be recognized by amino acid
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transporters and therefore would be retained within the cells (24). "11n-DTPA-
mAb 528 may undergo a similar catabolic fate as `I"n-DTPA-hEGF through its
specific binding to cell surface receptors followed by internalization and
degradation to catabolites which are retained by cells. Binding of `ln-DTPA-
mAb 528 to hepatocytes could be mediated by binding to EGF receptors and
also to Fc receptors (25).

Since hEGF is a peptide, it is readily filtered at the glomerulus and
excreted into the urine. 12 1 -labeled EGF is cleared from the blood by glomerular
filtration and is secreted by the proximal renal tubules following binding to
receptors on renal tubular cells (26-28). "2'H-labeled EGF is not reabsorbed by the
renal tubules (28). It is likely that .. ln-labeled hEGF is excreted by a similar
mechanism. Renal excretion was the major factor which resulted in the rapid
decrease in the blood concentration of .. In-DTPA-hEGF, since sequestration by
the liver and kidneys accounted for only 11-14% and 4-5% of the injected dose
of the radiopharmaceutical respectively.

Although there was a relatively high accumulation of the
radiopharmaceuticals by normal tissues such as the liver and kidneys, both .111n-
DTPA-hEGF and "11n-DTPA-mAb 528 localized sufficiently in the MDA-MB-468
and JW-97 human breast cancer xenografts to visualize the tumor at 72 hours
post-injection by gamma scintigraphy (Fig. 3 and Fig. 4). The images obtained
with "In-DTPA-hEGF and 1̀ ln-DTPA-mAb 528 also showed relatively high
normal tissue uptake by the liver and kidneys for the reasons discussed above,
as well as localization of radioactivity in the area of the submaxillary glands. The
normal liver and kidney accumulation of both radiopharmaceuticals could limit
their clinical usefulness for the detection of liver or adrenal gland metastases in
breast cancer patients. The submaxillary glands are responsible for EGF
synthesis (29) and it is possible that receptors may be present in these tissues to
bind and store the newly synthesized growth factor. EGF conjugated with other
radionuclides has also been shown to localize in EGFR-positive tumors. Capala
et al. (30) showed that 99mTc-EGF was selectively retained in the brains of rats
inoculated with glioma cells transfected with the EGFR gene but not in normal
rats. Rusckowski et al. (31) imaged A431 squamous cell carcinoma xenografts (2
X 106 EGFR/cell) hosted in athymic mice with 99mTc-EGF achieving tumor/blood
ratios of 4:1 at 12 hours post injection. Cuartero-Plaza et al. (32) detected
squamous cell lung carcinoma in 6/9 cancer patients by gamma scintigraphy
using 13 I-EGF. To our knowledge however, this is the first report of successful
imaging of EGFR-positive human breast cancer using "'In-labeled EGF or anti-
EGFR mAb 528.

The level of accumulation of `In-DTPA-mAb 528 (11-22% i.d./g, Fig. 1-B)
in the MDA-MB-468 and JW-97 tumors was 7 to 10 fold higher than that
observed for `IIn-DTPA-hEGF, allowing much clearer definition of the tumor
despite the slightly lower tumor/blood ratios associated with .. ln-DTPA-mAb 528
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(5:1 versus 12:1, Fig. 2). Goldenberg et al. (33) successfully imaged MDA-MB-
468 human breast cancer xenografts using the anti-EGFR mAb 225 (IgG 2a)
labeled with "'In, but the tumor uptake was more than 5-fold lower than we
observed with "'In-labeled mAb 528 (4 versus 22 % i.d./g). Since "'in labeled
mAb 225 has already been shown to successfully image squamous cell lung
carcinoma in cancer patients (34), the higher tumor uptake observed with "'in-
DTPA-mAb 528 in the MDA-MB-468 human breast cancer xenograft model in
our study, is encouraging for the ultimate clinical application of this new
radiopharmaceutical for the diagnostic imaging'of EGFR-positive breast cancer
in humans.

It is interesting to speculate why we observed no direct quantitative
relationship between the level of receptors measured on the breast cancer cell
lines in vitro and the level of accumulation of either radiopharmaceutical in the
corresponding breast cancer xenografts in vivo. This finding was not due to the
inactivation of either hEGF or mAb 528 upon radiolabeling with "'In, since cell
binding assays demonstrated that both radiopharmaceuticals exhibited their
expected receptor binding properties (Table 1). Furthermore, biodistribution
studies in animals bearing MDA-MB-468 breast cancer xenografts administered
a non-specific "'in-labeled IgG 2a or "lln-DTPA-hEGF mixed with an excess of
non-radioactive hEGF (to compete with radiolabeled hEGF for receptor binding)
demonstrated a 2 to 5-fold decrease in tumor uptake, suggesting that the tumor
accumulation of the radiopharmaceuticals was receptor-mediated.

One possible explanation for our inability to observe a direct correlation
between receptor expression levels in vitro and tumor uptake of the
radiopharmaceuticals in vivo, is that in the context of tumor-bearing mice, only
very small concentrations of the radiopharmaceuticals actually reached the
interstitial fluid bathing the cancer cells. Under these conditions, the
concentration of EGF receptors on the breast cancer cells may have been in
excess and the amount of radioligand was therefore the limiting factor which
controlled tumor uptake. For example, based on a tumor uptake of -2% i.d./g
(Fig. 1) and an injected dose of 1 mg of `IIn-DTPA-hEGF, there would be
approximately 2 X 1012 molecules of the radiopharmaceutical (0.02 mg) delivered
to 2.5 X 108 MDA-MB-468 breast cancer cells contained in a 1 g breast cancer
xenograft (assuming a breast cancer cell with a diameter of 20 mm). The cells
would express a total of 2.5 X 1014 EGFR at an expression level of -10'
EGFR/cell (Table 1) and therefore, there would be about a 100-fold excess of
receptors present in the tumor compared to the radioligand. Similarly, for '"In-
DTPA-mAb 528, assuming an injected dose of 50 mg and a tumor uptake of
15% i.d./g (Fig. 1), there would be approximately 3 X 10i1 molecules (7.5 mg) of
mAb 528 delivered to the tumor. In this case, there would be a 10-fold excess of
receptors compared to radioligand. The receptor level on the breast cancer cells
was measured in vitro by increasing the concentration of radioligand until the
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concentration of receptors on the cells was the limiting factor. Under these
conditions, breast cancer cells with a lower level of receptor expression (eg.
MCF-7 cells) bound less radioligand than cells with a higher level of receptor
expression (eg. MDA-MB-468 cells).

Although, the range of EGFR expression levels on the tumor xenografts
studied was not as wide as that in our study, Rusckowski et al. (31) also recently
noted a similar finding using "9 mTc-EGF in athymic mice bearing either A431
squamous cell carcinoma or LS174T colon cancer xenografts. Despite a 6-fold
difference in EGFR expression in vitro between'the A431 and LS174T cells (2 X
106 versus 3.6 X 10' EGFR/cell respectively), there was no statistically significant
difference in tumor uptake in vivo (0.4 ± 0.09 versus 0.32 ± 0.06 % i.d./g
respectively). Senekowitsch-Schmidtke et al. (35) found a partial correlation
between tumor uptake and EGF receptor level in human tumor xenografts
implanted into athymic mice using 12 1-EGF but not with 12 51-labelled anti-EGFR
mAb 425. The tumor uptake of 125I-EGF was 2-fold higher in A431 xenografts
compared to gastric cancer xenografts but the A431 tumors expressed an 8-fold
higher level of EGF receptors. The tumor uptake of 125 1-mAb 425 was higher in
breast cancer xenografts than in A431 tumors despite higher EGFR expression
by the A431 tumors. The results of our study suggest that the level of tumor
localization of receptor-binding radiopharmaceuticals in vivo is controlled to a
greater extent by their rate of elimination from the blood rather than by the level
of receptor expression on cancer cells, provided that the radiopharmaceutical
retains receptor binding capability and a minimal level of receptors is available
for binding. An analogous inverse correlation has also been previously observed
between the elimination rate and tumour accumulation of different forms of
radiolabelled mAbs (eg. IgG vs. F(ab') 2 vs. Fab') (25).

CONCLUSIONS

In summary, the results of this study demonstrate that a direct quantitation
of the level of receptor expression on cancer cells in vivo by gamma scintigraphy
may not be possible. Nevertheless EGFR-positive tumor nodules in mice were
detected qualitatively using radiopharmaceuticals which specifically bind to the
receptor. Radiolabeled anti-EGFR mAbs would be more effective receptor-
binding radiopharmaceuticals for tumor imaging in cancer patients than peptide-
based agents such as hEGF, since their slower elimination rate from the blood
leads to higher tumor uptake at only moderately lower tumor/blood ratios. Recent
clinical studies with 99mTc-anti-EGFR mAb ior egf/r3 have demonstrated that
EGFR-positive lesions can be detected with high sensitivity in cancer patients
(36).
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LEGENDS FOR FIGURES

FIGURE 1. Biodistribution at selected times post i.v. administration of "11n-
DTPA-hEGF (A) and 11.In-DTPA-mAb 528 (B) in athymic mice bearing s.c. MDA-
MB-468 human breast cancer xenografts. Tissues shown are blood (B), heart
(H), lungs (Lu), liver (L), kidneys (K), spleen (Sp), stomach (S), intestines (I) and
tumor (T).

FIGURE 2. Tumour/normal tissue ratios at selected times post i.v. administration
of ... In-DTPA-hEGF (A) and .. 1n-DTPA-mAb 528 (B) in athymic mice bearing
s.c. MDA-MB-468 human breast cancer xenografts. Tissues shown are blood
(B), heart (H), lungs (Lu), liver (L), kidneys (K), spleen (Sp), stomach (S) and
intestines (I).

FIGURE 3. Posterior whole body images of an athymic mouse bearing a s.c.
MDA-MB-468 human breast cancer xenograft at 72 hours post-injection of ..In-
DTPA-hEGF (A) or ... In-DTPA-mAb 528 (B). The tumor is visualized with either
radiopharmaceutical but is more clearly defined with .. In-DTPA-mAb 528.

FIGURE 4. Posterior whole body images of a scid mouse bearing a s.c. JW-97
human breast cancer xenograft at 72 hours post-injection of .. In-DTPA-hEGF
(A) or .. In-DTPA-mAb 528 (B). The tumor is visualized with either
radiopharmaceutical but is more clearly defined with ... In-DTPA-mAb 528.
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heated with (But)4NF in EtOACat 70'C for 20 min. The arabino fluoro- for receptor binding by ELISA and flow cytometry. Results: GST-hEGF-
sugar was characterized by spectroscopic methods (NMR and MS). Ra- C.l protein was obtained in high yield (0 mg/L). SDS-PAGE showed a
dioc hemical syntheses were performed with F- 18 fluoride. F- 18 fluoride single band (m.w. 44 kDa) positive for hEGF by Western blot. GST-hEGF-
was reacted with (But)4NHCO, and. evaporated to dryness. The dry CHI exhibited strong binding by ELISA to EGFR isolated from MDA-468
(But) 4NF was dissolved in THF and heated with the 2-0-fluorosulfonyl breast cancer cells and to live A431 cells by flow cytometry. Conclusion:
derivative in EtOAc. The crude product was purified by HPLC. Results: An hEGF-CHI fusion protein with preserved receptor-binding properties
The average radiochemical yield was 19% in I I runs, with radiochemical was produced in high yield and purity. Experiments are planned to evalu-
purity >99%. Specific activities were 4.4-9.3 GBq/pmole. Synthesis time ate the hEGF-CH I protein labelled with In- I II for targeting MDA-468
was 75-80 min from EOB. Conclusion: The arabinofuranose was suc- breast cancer xenografts in nude mice. Supported by Susan G. Komen
cessfully labeled with F- 18 and may be a useful intermediate for synthe- Breast Cancer Foundation and US Army BCRP.
sis of nucleoside analogues for PET.

No. 1371
No. 1369

ENHANCED ACCUMULATION OF ALBUMIN IN
TUMOR LOCALIZATION OF TC-99M LABELED 5- INTRAPERITONEAL TUMORS FOLLOWING
THIO-D-GLUCOSE (TG). K. S. Ozker*, B. D. Collier. D. 1. MANNOSYLATION. Z. Yao*, M. Zhang, H. Sakahara. Y.
Lindner. A. Z. Krasnow, R. S. Hellman, Y. Liu, L. Kabasakal, D. Arano, H. Saji. J. Konishi, Clinical Center, The National Institutes
S. Edwards, C. R. Bourque, P. D. Crane, Medical College of of Health, Bethesda, MD; Kyoto University, Kyoto, Japan.
Wisconsin. Milwaukee, WI; University of Maryland, Baltimore, (500312)
MD; Cerrahpasa Medical School, Istanbul, Turkey; DuPont We have shown that glycosylation of avidin is one of the important fac-
Merck Pharmaceutical Company, North Billerica, MA. (101093) tors of its tumor accumulation. This study was undertaken to investigate

Objectives. Recent studies attest to the avididty of Tc-99m labeled car- the potential of glycosylated albumin in targeting intraperitoneal (i.p.) tu-
bohydrate ligands (glucarate and gluconate) for tumors and sites of acute mor xenografts. Three tumor xenograft models, including a colon cancer.
ischemic injury. The exact mechanism of localization for Tc-99m labeled LS 180. an ovarian cancer. SHIN-3. and a gastric cancer. MKN45. were es-
carbohydrate ligands is currently not known. The purpose of this work is tablished by i.p. injections of the human cancer cells in nude mice. Human
to study the pattern of tumor localization of a Tc-99m labeled carbohy- serum albumin (HSA) was conjugated with galactose or mannose. Galac-
drate ligand. Tc-99m-TG. TG. an analog of D-glucose, binds to Tc-99m tosyl-neoglycoalbumin (NGA). mannosyl-neoglycoalbumin (NMA). or
via a thio substitute. Methods. Biodistribution studies of Tc-99m-TG ad- HSA was labeled with In-I I I through SCN-Bz-EDTA conjugation. The
ministered to mice bearing MC26 colon carcinoma in their thigh was used radiolabeled proteins were administered i.p. into the tumor-bearing mice
to determine the tumor localization and tumor to BG (normal muscle from and the biodistribution of radioactivity was examined at 2 and 24 hours
contralateral thigh) ratios. Autoradiography of Tc-99m-TG was also corn- postinjection. The results show that glycosylation of albumin increased
pared to that of C-14 labeled 2-deoxyglucose (C-14-DG) in a subgroup of blood clearance and liver accumulation of radioactivity. Tumor uptake
mice. Results. Tumor uptake of Tc-99m-TG was 1.6 ± 0.3% ID/g at I was significantly increased with NMA, resulting in a high tumor-blood ra-
hour which decreased slightly to 1.3 ± 0.3% ID/g and 1.2 ± 0.3% ID/g at tio. NGA accumulated in tumors higher than HSA but much lower than
2 and 3 hours post-injection respectively. However. tumor to BG ratio ex- NMA. Similar biodistribution pattern of radioactivity was also observed
hibited a significant increase between I and 3 hours (2.7/I and 4/I), due 24 hour postinjection. The biodistribution in SHIN-3 or MKN45 tumor-
to gradually decreasing body BG. Tumor autoradiography of Tc-99m-TG bearing mice was similar to that in LSIS0. In conclusion. mannosyl gly-
and C-14-DG showed different patterns of localization. Tc-99m-TG con- cosylation of albumin enhanced its accumulation in i.p. tumors when ad-
centrated at the center of the tumors while C-I 4-DG had decreased activ- ministered i.p.. The high targeting efficiency could make NMA a useful

ity in this central area. suggesting Tc-99m-TG avidity to zones of infarc- vehicle for the delivery of radionuclide or other therapeutic agents to i.p.
tion/necrosis and C-14-DG avidity to viable tumor cells in the periphery. tumors for the diagnosis and therapy.
Conclusion. Results of this study indicate that Tc-99m-TG exhibits in- Biodistribation of radfoactiity in mice bearing LS180 xenograft (%lO/g, 2 h)
creased tumor localization and T/BG ratio. The discordance between tu-
mor localization of Tc-99m-TG and C-14-DG suggests that Tc-99m-TG HSA NGA NMA
does not act like a glucose analog and warrants further investigation as an
imaging agent for areas of necrosis. Blood 8.50±2.75 0.28±0.23 0.30±0.08

Liver 2.97±0.75 18.31±6.49 12.95±2.98
No. 1370 Tumor 3.61±0.75 6.17±1.12 19.31±4.07

PRODUCTION OF A HUMAN EPIDERMAL GROWTH No. 1372
FACTOR (HEGF)-IMMUNOGLOBULIN (C l)FUSION
PROTEIN FOR TARGETING HUMAN BREAST CANCER. SYNTHESIS AND CHARACTERISATION OF 1-123- AND
J. Wang*, J. Sandhu, Z. Chen, C. Leung, M. Bray, S. Yang, R. I-125-DIETHYLSTILBESTROL (DES) WITH HIGH
Cameron, A. Hendler, K. Vallis, R. M. Reilly, The Toronto SPECIFIC ACTIVITY. K. Schomaecker, T. Fischer*, H.
Hospital, Toronto, ON, Canada; Samuel Lunenfeld Research Schmickler. B. Meller, B. Gabruk-Szostak, H. Schicha, Clinic of
Institute, Toronto, ON, Canada; Ontario Cancer Institute, Toronto, Nuclear Medicine, University of Cologne, Cologne, Germany;
ON. Canada; Princess Margaret Hospital, Toronto, ON, Canada; University of Cologne/Institute of Organic Chemistry, Cologne,
The Toronto Hospital/University of Toronto, Toronto, ON, Germany; Department of Nuclear Medicine, University of
Canada. (100173) Luebeck, Luebeck, Germany. (100073)

Overexpression of the EGF receptor (EGFR) occurs in 30-60% of Rationale: Radioactive labeled DES is an interesting compound for
breast cancers. Preliminary studies showed that In-I l1 hEGF localized therapy of estrogen receptor (ER)- positive mamma-carcinoma. Until
specifically in MDA-468 human breast cancer xenografts (>10 6  now, labeling procedures suffered from low yields (20 - 30%) with low
EGFR/cell)in nude mice (tumour/blood ratio > 12: 1) but tumour uptake specific activities (0.74 - 2.96 GBq/mmol) and bad reproducibility. Aims:
was low (2-3 % i.d/g). Tumour uptake of hEGF (m.w. 6 kDa) could pos- a) Development of a simple and fast labeling method for *(-DES with high
sibly be improved by slowing its renal elimination by fusion with a macro- yield and specific activity b) Structure analysis by NMR c) Determination
molecule. Objective: To produce an hEGF fusion protein consisting of of the dissociation constant. Methods: a) Labeling was done with chlo-
hEGF and the CH I domain of lgG, to more effectively target radionuclides ramine T in methanol within 10 min at room temperature. Purification was
to EGFR-positive breast cancer. Methods: The gene for hEGF (pADH59) performed with RP-HPLC. For NMR experiments, synthesis was done
was fused with the gene for C I of mlgG, (pASK84) with/without a pep: with stable iodine, followed by preparative HPLC. b) For structure analy-
tide linker sequence [(GGGGS),] and inserted into expression vector sis IH-NMR, 1

3C-NMR, H,H-COSY and HMBC were used. c) Dissocia-
pGEX2T. E.coli (BL2 1) were transformed with the p-hEGF-CHl expres- tion constant was determined by incubation of ER-positive tumor cytosol
sion vector and ampicillin-resistant colonies grown to produce a hEGF- with varied 1251-DES amounts, with and without additional DES, followed
CHI glutathione S-transferase (GST) fusion protein. GST-hEGF-CH I pro- by a Scatchard plot. Results: a) *I-DES was produced with yields of 50 -
tein was extracted under native conditions and purified on a 70% and specific activity of 80 TBq/mmol. b) Some of the reaction prod-
glutathione-Sepharose column. GST-hEGF-CH I was assessed for purity ucts could be identified and the structure of I-DES was verified. 3-iodo-
by SDS-PAGE and Western blot with a polyclonal anti-EGF antibody and DES and 2-iodo-DES were found in a 8.5/1 ratio. c) The dissociation con-
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